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Introduction: Treatment of neuropsychiatric disorders may be optimized through targeted 
strategies that interact with neurobiological processes responsible for symptom generation. The 
overexpression of the dopamine transporter (DAT) has been linked to a wide range of neuro-
psychiatric afflictions with a specific involvement in repetitive disorders. However, the direct 
consequences of DAT overexpression remain unexplored. Transcranial direct current stimulation 
(tDCS) is a non-invasive technique suggested as a treatment for repetitive disorders. In-depth 
investigation into the role of DAT overexpression in repetitive pathophysiology and how tDCS 
potentially regulates these processes are clinically challenging, yet possible by employment of 
adequate animal models. Objectives: The aim of the present thesis was to investigate the direct 
consequences of DAT overexpression in relation to the pathophysiology of repetitive behavior and 
to test the potency of tDCS as a therapeutic approach for repetitive disorders. Methods: Initially, a 
transgenic rat overexpressing DAT (DAT-tg) was generated and its neurobiological and behavioral 
properties were assessed (study 1+2). Extensive deep brain stimulation (DBS) was applied to 
identify, which brain areas were involved in modulating repetitive behavior in the DAT-tg rat. 
Subsequently, DAT-tg rats received tDCS above the frontal cortex followed by behavioral and 
neurobiological assessment (study 3). Results: The DAT-tg rat displayed several neurobiological 
deficits within the corticostriatal circuit related to repetitive pathophysiology, which translated into 
repetitive behavior and treatment sensitivity as observed Tourette syndrome. Further, DAT-tg rats 
presented with profound cognitive deficits. The application of frontal anodal tDCS led to a decrease 
in repetitive symptoms in the DAT-tg rats, which was assigned to a specific modulation within the 
corticostriatal sensorimotor circuit. Conclusion: This thesis shows that DAT overexpression is 
implicated in the generation of among others repetitive pathophysiology, thus supporting the need 
for further investigations into its role in repetitive disorders. It further shows that the DAT-tg rat 
constitutes an ideal model for this endeavor, as it allows for a direct assessment of the 
neurobiological implications and how new interventions interact with these processes. This thesis 
further found, that following application of the appropriate stimulation parameters, tDCS reduces 
repetitive behavior by modulating the neuronal circuit considered responsible for symptom 
manifestation in the DAT-tg rats. This sets the stage for investigations into tDCS as targeted 





Einleitung: Die Behandlung neuropsychiatrischer Erkrankungen kann durch gezielte Therapiestrategien, die 
in die neurobiologischen Prozesse der Symptomgenerierung eingreifen, optimiert werden. Die 
Überexpression des Dopamin-Transporters (DAT) wird mit einer Vielzahl neuropsychiatrischer 
Erkrankungen, die mit repetitiven Störungen einhergehen, in Verbindung gebracht. Dennoch sind die 
direkten Folgen der Überexpression des DAT bisher unerforscht. Die transkranielle Gleichstromstimulation 
(tDCS) ist eine nichtinvasive Technik, die zur Behandlung repetitiver Störungen vorgeschlagen wird. Die 
ausführliche Untersuchung der Rolle der DAT-Überexpression in der repetitiven Pathophysiologie sowie der 
potentiellen Regulation dieser Prozesse durch die tDCS ist klinisch herausfordernd, jedoch durch die 
Verwendung geeigneter Tiermodelle möglich. Ziele: Ziel der vorliegenden Studie war es, die direkten 
Konsequenzen einer DAT-Überexpression in Bezug auf die Pathophysiologie von repetitivem Verhalten zu 
untersuchen und die Wirksamkeit von tDCS als therapeutischen Ansatz für repetitive Störungen zu testen. 
Methoden: Zunächst wurde eine transgene Ratte mit überexprimiertem DAT (DAT-tg) generiert und ihre 
neurobiologischen und Verhaltensmerkmale untersucht (Studie 1+2). Um herauszufinden, welche 
Gehirnbereiche bei der Modulation des repetitiven Verhaltens in der DAT-tg-Ratte involviert sind, wurde 
eine umfassende Tiefenhirnstimulation (DBS) angewendet. Anschließend erhielten DAT-tg-Ratten tDCS 
über dem Frontalkortex und Auswirkungen auf Verhalten und Neurobiologie wurden geprüft (Studie 3). 
Ergebnisse: Die DAT-tg-Ratte wies in den kortikostriatalen Verbindungen mehrere neurobiologische 
Defizite auf, wie sie sich im repetitivem Verhalten und der Behandlungsempfindlichkeit bei Tourette-
Syndrom beobachten lassen. Des weiteren zeigten DAT-tg-Ratten schwerwiegende kognitive Defizite. Die 
Anwendung von einer frontalen anodalen tDCS führte zu einer Abnahme der repetitiven Symptomatik bei 
den DAT-tg-Ratten, die einer spezifischen Modulation innerhalb des kortikostriatalen-sensomotorischen 
Schaltkreises zugeordnet werden konnte. Schlussfolgerung: Diese Studie zeigt, dass die Überexpression des 
DAT unter anderem bei der Entstehung von repetitiver Pathophysiologie eine Rolle spielt. Dies unterstreicht 
die Notwendigkeit weiterer Untersuchungen zur Rolle der DAT Überexpression bei repetitiven Störungen. 
Es zeigt außerdem, dass die DAT-tg-Ratte ein ideales Modell dafür darstellt, als dass es die direkte 
Untersuchung neurobiologischer Implikationen und die Wirkung neuartiger Interventionen auf diese 
Prozesse ermöglicht. Diese Arbeit zeigt, dass tDCS nach Anwendung geeigneter Stimulationsparameter 
repetitives Verhalten durch Modulation des neuronalen Schaltkreises, welcher für die 
Symptommanifestation bei den DAT-tg-Ratten verantwortlich gemacht wird, reduziert. Damit sind die 
Voraussetzungen für tDCS als gezielte Behandlung von repetitiven Erkrankungen geschaffen.  
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1.0 Introduction  
As for today, the etiology and understanding of the underlying pathophysiology of neuropsychiatric 
disorders is limited. This hinders the possibility of developing novel optimized treatment strategies. 
Conventional therapies, mostly in the form of psychopharmacological agents, are applied 
systematically and hence often yield insufficient symptom relief and possible side-effects (1,2). 
Thus, there is a need for a deeper knowledge of the underlying neuropathology, in order to promote 
the development of treatment strategies that more precisely interact and interfere with the 
pathological processes from which neuropsychiatric symptoms arise, i.e. targeted treatment 
strategies.  
Based on its role in maintaining proper dopaminergic signaling, overexpression of the dopamine 
transporter (DAT) has been linked to a variety of neuropsychiatric disorders (3). In repetitive 
disorders, such as Tourette syndrome (TS), profound dopaminergic alterations exist, including 
imbalance in tonic/phasic dopamine (DA) firing properties and increased DA receptor availability, 
which collectively points to the presence of DAT overexpression (4–9). The pathophysiology of 
repetitive disorders has long been centered around an imbalance in the activity of the corticostriatal 
circuit. Here, manifestation of repetitive behavior is thought to rely on a combined action between 
dopaminergic hyperactivity and striatal disinhibition, that leads to thalamic overactivity and frontal 
cortical hyperexcitability, eventually resulting in the execution of involuntary movements (10–13). 
Apart from movement control, DA firing within the corticostriatal circuit also regulates cognitive 
and motivational functions, including learning and goal-directed behaviors (10,14). In correlation, 
cognitive deficits alongside other comorbidities have been found in patients with TS (15). As such, 
the palate of abnormal behaviors found in repetitive disorders, rely on several orchestrated events 
within specific neuronal systems, from which the DA system has a prominent regulatory role (9). 
Despite the implications of an overactive DAT in repetitive disorders, the direct consequences of 
DAT overexpression have not been fully assessed. Such investigations are clinically challenging, 
yet possible through employment of valid animal models. In neuropsychiatric research, mice 
models have traditionally provided a rational-driven approach based on genetic tools available in 
this species, whereas rat models are mostly constructed through behavioral and environmental 
manipulation, due to limited genetic possibilities along with their superior behavioral repertoire 
(16–18). Since the latter constitutes the core of neuropsychiatric disorders, there is a need for a rat 
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model that incorporates both essential features. Therefore, a transgenic rat overexpressing the DAT 
(DAT-tg) was constructed.  
In repetitive disorders, application of deep brain stimulation (DBS) has been used as a focal 
treatment strategy, to directly modulate the aberrant activity of brain regions involved in repetitive 
pathophysiology (19–22). Currently, there is no conclusion, as to which DBS target is superior 
when it comes to reducing symptoms in repetitive disorders. This alongside the invasive nature of 
DBS limits a general application. Thus, there is the need for further research into the optimal brain 
target for repetitive disorders as well as investigations into more subtle treatment strategies, that still 
employs a spatial tactic. Transcranial direct current stimulation (tDCS) is a non-invasive, well-
tolerated neuromodulating procedure, that by administration to the desired area of the scull, alters 
cortical excitability through delivery of a transcranial weak current. The effect involves a polarity-
dependent shift in resting membrane potential, with anodal stimulation increasing and cathodal 
stimulation decreasing excitability, respectively (23–25).  Based on the presence of cortical 
hyperexcitability, tDCS has been employed to alter cortical function and subsequent behavior in 
neuropsychiatric disorders, including TS (26–29). Establishing an appropriate protocol-design has 
however proven to be challenging, as the cumulative outcome of tDCS involves an interaction 
between the applied stimulation and the existing underlying neurobiology. Thus, when stimulating 
the pathological brain, the simplistic approach of excitability being singularly either decreased or 
increased, depending on tDCS polarity, falls short (30–32). This adds an additional layer of 
complexity when seeking the stimulation protocol necessary for therapeutic relief. As such, there 
are indications that tDCS may exert a positive therapeutic effect in repetitive disorders, however 
still needed is an in-depth investigation on how tDCS modulates the symptomatology and 
underlying repetitive pathophysiology (26). Such investigations are possible preclinically, as these 
settings allow for estimating the appropriate stimulation design and subsequent neurobiological 
responses within a controlled experimental environment.  
1.1 Objectives 
The objective of this thesis was to assess the neurobiological and behavioral consequences of DAT 
overexpression in relation to repetitive disorders, followed by an investigation of a non-invasive 
treatment approach sought to target the brain areas involved in symptom generation.  
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Initially, the neurobiological and behavioral alterations found in the DAT-tg rat were characterized 
(study 1+2). Subsequently, extensive DBS was applied in the DAT-tg rat to dissect the involvement 
of sub-circuits in the repetitive pathophysiology. This was followed by an assessment of the 
behavioral effects of tDCS alongside its impact on cortical and subcortical processes (study 3).  
2.0 Methods  
Key methods and study designs are outlined in this section. Further details are presented in the 
publications found in the appendix.  
2.1 Animals 
The hemizygous DAT-tg rat model was included in this thesis, alongside its respective controls 
(wildtype (WT)). Adult male rats were group-housed in a controlled vivarium with food and water 
ad libitum and single housed following surgeries. All studies were, after approval by the local ethic 
committees (Regierungsprasidum Dresden and Senate of Berlin), performed in accordance with the 
European Communities Council Directive of 22th September 2010 (2010/63/EU). 
2.2 Experimental design 
Study 1: Characterization of the DAT-tg model was carried forward through a battery of behavioral 
and neurobiological tests (postnatal day (PND) >90). Susceptibility towards repetitive behavior was 
investigated following amphetamine application (DAT-tg, n= 8; WT, n= 8). The pharmaco-
responsiveness of this behavior was further tested through administration of clonidine (DAT-tg, n= 
9; WT, n= 10) and fluoxetine (DAT-tg, n= 8; WT, n= 9). Neurobiological alterations were examined 
in regions within the corticostriatal circuit. These included alterations in parvalbumin (Pv+) cells 
(DAT-tg, n= 11; WT, n= 12), DA levels (DAT-tg, n= 10; WT, n= 7), DA receptor expression 
(DAT-tg, n= 7; WT, n= 8) and monoamine oxidase (MAO) activity (DAT-tg, n= 7; WT, n= 8).  
Study 2:  DAT-tg (n=16) and WT (n= 11) rats (PND >90) were injected with Bromodeoxyuridine 
(BrdU) (3x50 mg/kg, 6 hours interval between injections), to quantify neurogenesis. Rat were 
subsequently subjected to a battery of behavioral testing, including the Morris Water Maze (MWM) 
to examine learning and memory abilities. Animals only performed one test per day, with a 3-5 days 
recovery in between tests. Immunohistochemical analysis was performed post mortem.  
Study 3: DAT-tg and WT rats (PND >90) intended for tDCS were divided into an overall control 
group (DAT-tg, n=8; WT n=8) and a tDCS group (DAT-tg, n=9; WT n=7). Rats in the tDCS group 
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received cathodal, anodal or sham stimulation. Controls rats received sham stimulation. Animals 
intended to receive DBS were divided into three groups and implanted with electrodes in the 
caudate putamen (CPu) and orbitofrontal cortex (OFC) (Group 1: DAT-tg, n=8, WT n=8); medial 
prefrontal cortex (mPFC) (Group 2: DAT-tg, n=8, WT n=8) and thalamus (Thal) and primary motor 
cortex (M1) (Group 3: DAT-tg, n=5, WT n=6). All three groups received either sham or DBS in a 
cross-over design. The repetitive behavioral paradigm established in study 1 was employed, with 
tDCS and DBS being applied in the beginning of this paradigm. Post mortem neurobiological 
assessment was conducted following finalization of the behavioral experiments. 
2.3 Behavioral assessment 
2.3.1 Repetitive behavior  
Amphetamine-induced repetitive behavior (study 1): Rats were injected with three different dosages 
of amphetamine in a cross-over design (0.5mg/kg, 2.0mg/kg and 5.0mg/kg). Following injection, 
animals were placed in testing boxes (50x50x50cm) for 120min. Behavior was recorded and 
repetitive behavior was later analyzed offline using an adapted scoring protocol of Carter et al.(33) 
The results from this testing led to the construction of the repetitive behavioral paradigm.  
Effect of pharmacotherapy on repetitive behavior (study 1): Rats were injected with amphetamine 
(2.0mg/kg) and placed in testing boxes for initial 50min. Subsequently, rats were injected with 
either clonidine (i.p 0.01 mg/kg), fluoxetine (i.p 20 mg/kg) or saline and placed back in the 
recording boxes for the remaining time (70min). Repetitive behavior was evaluated in the 
stereotypy phase. 
Effect of brain stimulation on repetitive behavior (study 3): Rats were injected with amphetamine 
(2.0mg/kg) and immediately subjected to tDCS for 30min or DBS for 60min. Following the end of 
stimulation, jackets and cables were removed and animals freely moved around for the remaining 
time (tDCS 90min/ DBS 60min). Repetitive behavior was evaluated in the stereotypy phase. 
2.3.2 Cognitive behavior  
The Morris water maze (MWM) (study 2) 
Rats were trained and tested in a water-filled pool, that included a submerged platform and distal 
visual cues. Rats underwent 4x 60 seconds acquisition trials per day for a total of 4 days, during 
which they had to find the platform. The pool was separated into four quadrants (southeast (SE); 
northeast (NE); southwest (SW); northwest (NW)). The platform was placed in NW quadrant 
 7 
 
during all acquisition trials. Rat were released at different starting points over the 4 consecutive 
days. Latency to find the platform was recorded and thigmotaxis (swimming along the walls), non-
spatial strategies (scanning the pool) and spatial strategies (swimming straight to the platform) were 
assessed. The platform was removed on day 5 and the probe trial test was performed. Time used in 
the former target quadrant was estimated.  
2.4 Surgery 
DAT-tg rats underwent surgery after reaching PND 90. Stereotactic surgery was performed under a 
general balanced anesthesia (s.c, medetomidine dihydrochloride (0.135mg/kg), midazolam 
(2mg/kg) and fentanyl (0.005mg/kg)). For tDCS application, an epicranial electrode (2.1mm in 
diameter) was placed onto the skull, over the left frontal cortex (AP +3.2; ML 1.5). For DBS 
application, monopolar electrodes were bilaterally implanted into the CPu (AP +1.5; ML +1.5; DV -
4.0), OFC (AP +3.7; ML +2.4; DV -3.3), M1 (AP +1.5; ML +2.7; DV -1.5), mPFC (AP +3.5; ML 
+0.6; DV -3.4) and Thal (AP -4.1; ML +1.3; DV -6.4). Screws were drilled into the scull and the 
ground electrode from the monopolar electrodes were wrapped around the adjacent screw. Both 
monopolar and epicranial electrodes were fixed using dental cement. Coordinates were according to 
Paxinos rat brain atlas (34). Anasthesia was antagonized after completing surgery, using a blend of 
naloxone (s.c 0.12mg/kg), flumazenil (0.2mg/kg), antipamzol (0.75mg/kg). Analgesic (Meloxicam 
0.2mg/kg, s.c) was applied for three days after surgery. 
2.5 Brain stimulation  
Transcranial direct current stimulation (study 3): For application of tDCS, saline (0.9%, contact 
area 3.5mm2) was filled into the epicranial electrode and the stimulating electrode inserted. A 
reference electrode (8cm2) was placed on the thorax and kept in place using a rat-jacket. Stimulation 
was applied via a computer-interfaced current generator, with the current strength ramped for 10sec. 
In the tDCS group, a single session of anodal or cathodal stimulation was applied at a current 
intensity of either 100 µA, 200 µA and 300 µA for 30min in the beginning of the repetitive 
behavioral paradigm.  
Deep brain stimulation (study 3): DBS was controlled by the same apparatus as used for tDCS 
application (see above). On the day prior to testing, stimulation was applied twice in the respective 
region for 60min (morning and afternoon). On testing day, stimulation was applied in the respective 
region for 60min in the beginning of the repetitive behavioral paradigm. DBS was applied with a 
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frequency of 130Hz, biphasic 100μs pulses, and current intensity of 150μA. For application of sham 
stimulation, animals were connected to the stimulating system without current flowing. 
2.6 Post mortem neurobiology  
High-performance liquid chromatography (HPLC) (study 1 and 3): Tissue samples were obtained 
via micropunches from 0.5-1.0mm thick slices from areas including the OFC, Nacc and CPu. 
Samples were homogenized via ultrasonification and the homogenate was centrifuged. From the 
supernatant, DA and its metabolite (DOPAC) were separated on a HPLC column (ProntoSil 120-3-
C18-SH; Bischoff Analysentechnik und – geräte GmbH, Germany) and levels were detected 
electrochemically (Chromsystems Instruments & Chemicals GmbH, Germany). In addition, 
dopamine turnover (DOPAC/DA) was assessed.  
Monoamine oxidase (MAO) activity assay (study 1): Micropunches from the CPu were 
homogenized via ultrasonification in a buffer from a fluorometric assay kit (biovision K795-100) 
and MAO activity was measured in accordance to manual.  
Quantitative polymerase chain reaction (qPCR) (study 1 and 3): Areas investigated included the 
OFC, Nacc and CPu (study 1) and mPFC, MI, OFC and CPu (study 3). RNA concentration in the 
respective tissue samples were assessed using Nanodrop Spectrophotometer (peqlab) and cDNA 
was synthesized using RNA-to-cDNA Kit (Lifetechnologies). A TaqMan qPCR was performed 
with the following TaqMan gene expressions assays: DRD1 (Rn03062203_sl) and DRD2 
(Rn01418275_ml) for study 1 and Pv+ (Rn 00574541_ml) and c-Fos (Mm00487425_ml) for study 
3. CT values were normalized to GFAP (house-keeping gene). Fold change was estimated using the 
∆∆CT method. 
Immunohistochemistry (study 1 and 2): In study 1, free-floating sections were stained against c-Fos 
(1:100, Santa Cruz, sc-52) and Pv+ (1:500, Antikorper-online, ABIN1742405) and subsequently 
detected with secondary antibodies (1:1000, Vector Laboratories, BA1000). The number of positive 
nuclei was counted in amongst others the CPu, OFC and mPFC. In study 2, free-floating sections 
were stained against BrdU (1:500, AbD Serotec OBT0030), NeuN (1:500, Millipore, MAB377) and 
Ki-67+ (1:500, Novocasta laboratories, NCL-Ki67p), detected with secondary antibodies (1:500; 
Dianova) and visualized with 3,3´- diaminobenzidine. The double-labelled BrdU/NeuN samples 
were detected with fluorescence secondary antibodies (donkey anti-mouse Cy3, donkey anti-rat 
Alexa flour 488, and donkey anti-rabbit Alexa Flour 647, Jackson Immunoresearch) and 
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counterstained with 4´, 6´-diamidino-2-phenylindole. Cells were sampled in the dentate gyrus of the 
hippocampus. 
2.7 Computational modeling of tDCS current  
The computational modeling was performed by the working group led by Professor Marom Bikson, 
(Department of Biomedical Engineering, City University of New York). A template rat head was 
constructed from a 7.0 tesla MRI and micro-CT scan (35). The tDCS electrode placement and 
stimulation approach as used in study 3 was modeled in Solidworks (Dassault Systems Corp. 
Waltham, MA) and for meshing imported to ScanIP. A Finite Element Method (FEM) model was 
constructed. This was done using electrostatic volume conductor physic, from which material 
conduciveness included a combination of in vitro and in vivo measurements (36,37). Current 
boundaries were utilized to simulate direct current and predicted current density was created. 
2.8 Data analysis 
Basic differences between DAT-tg and WT rats were analyzed using a student´s t-test. Behavioral 
and neurobiological results were analyzed using either one-way or two- way ANOVA. A one-way 
or two-way ANOVA with repeated measure (rmANOVA) was used to assess results taken 
repetitively from the same animal. Variables included animal groups (DAT-tg vs. WT) and 
treatments/trials. If applicable, further post-hoc t-tests were applied. A non-parametric Mann 
Whitney test was used to assess the effect of tDCS on Pv+ levels. A binomial mixed-effect model 
was used to assess the probability of applying different search strategies in the MWM, from which 
odds ratio was compared to chance in both DAT-tg and WT rats. A p<0.05 was considered 
statistically significant.  
3.0 Results 
This section provides a summary of the results, with the figures referring to the respective 
publications. Further details are found in the publications listed in the appendix.  
3.1 Study 1: The DAT-tg rat displays alterations distinct for repetitive disorders 
The DAT-tg rats displayed significant increase in repetitive behavior (oral stereotypy) as compared 
to WT rats following administration of 2.0mg/kg amphetamine (T= - 3.545, p= 0.003), that 
appeared 80-120min after injection (stereotypy phase). Same dosage led to hyperlocomotion in the 
WT rats (T= 4.718, p= 0.000). No effect was found for 0.5mg/kg amphetamine in either group, 
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whereas 5.0mg/kg led to repetitive behavior in both DAT-tg and WT rats (Fig. 8a). The subsequent 
effect of pharmacotherapy on this repetitive behavior was assessed. A two-way rmANOVA 
revealed that administration of clonidine led to a significant effect for animal groups (F= 6.598, p= 
0.019) and interaction (F= 6.887, p= 0.018), with clonidine application significantly decreasing 
repetitive behavior in the DAT-tg rats (p<0.05). In contrast, fluoxetine administration led to a 
significant effect for treatment (F = 15.127, p = 0.001), as fluoxetine reduced locomotion in both 
animal groups (Fig. 8b).  
The underlying neurobiological state was studied at different levels, including investigations into 
neurochemical and cellular alterations. A post mortem HPLC assessed DA contents in cortical and 
subcortical areas. As compared to the WT rats, the DAT-tg rats exhibited a decrease in DA levels in 
the OFC (T = −7.504, p = 0.000), Nacc (T = −13.726, p = 0.000) and CPu (T = −14.611, p = 0.000) 
as well as an increase in DA turnover (DOPAC/DA) in the same areas (OFC: T = 13.467, p = 
0.000; Nacc: T = 7.542, p = 0.000; CPu T = 19.314, p = 0.000) (Fig. 3a,c). A qPCR of mRNA 
levels found, that in comparison to the WT rats, the DAT-tg rats displayed an increase in DRD1 
mRNA levels in the OFC (T = -3.534, p= 0.000), Nacc (T= - 2.136, p= 0.029) and CPu (T= -6.217, 
p= 0.036) (Fig. 2b) and an increase in DRD2 mRNA levels in OFC (T= -2.610, p= 0.022), Nacc 
(T= -1.917, p= 0.029) and CPu (T= -3.252, p= 0.006) (Fig. 2c). A MAO activity array was 
employed to test for compensatory mechanisms. As compared to WT rats, DAT-tg rats displayed a 
significant increase in MAO activity. (T = -2.470, p = 0.028) (Fig. 3d). Immunostaining was 
conducted to investigate for cellular changes. In the DAT-tg rats, results showed a significant 
reduction of Pv+ cells in the CPu (T = 3.228, p = 0.004) and a significant increase of c-fos 
expressing cells in the OFC (T = −2.884, p = 0.011) in comparison to WT rats (Fig. 5b-c).  
3.2 Study 2 DAT-tg rats display cognitive deficits alongside dysfunctional neuronal integration 
In the MWM, a rmANOVA test revealed that DAT-tg rats exhibited a significantly lower success 
rate in finding the hidden platform as compared to WT rats (trial F(6.8,171)= 3.516, p= 0.002, 
animal groups: F(1,25)= 181,2, p<0.001, interaction F(6.8,171)= 3.941, p=0.001), with none of the 
DAT-tg finding the platform above chance (fig. 2d). Furthermore, DAT-tg rats engaged in different 
search strategies as compared to WT rats. DAT-tg rats displayed a lower chance of employing a 
spatial dependent strategy (Estimate= -0.81, SE= 0.22, z= -3.71, OR= 0.44, p<0.001). In addition, 
the chance of DAT-tg rats engaging in thigmotaxic behavior was three-fold higher than in the WT 
rats (Estimate= 1.07, SE= 0.23, z= 4.54, OR=2.9, p<0.001) (fig. 2e). During probe trial 
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performance, the platform was removed. Here, a student’s t-test showed, that WT rats spend the 
majority of time on the target quadrant, indicating successful spatial learning (NW/NE t(10)= 3.451, 
p=0.007; NW/SE t(10)= 2.303, p=0.047; all other p>0.05). The DAT-tg rats showed no specific 
preference to any of the quadrants (all p>0.05) (fig. 2f).  
Searching for a neurobiological correlate of this behavior, adult hippocampal neurogenesis was 
assessed. Here, a student t-test showed no difference in the number of Ki-67+ cells (t(14)= 1, 
p=0.332) nor in the overall number of BrdU labelled cells (t(18)= -0.891, p=0.385) between DAT-
tg and WT rats. As compared to WT rats, the co-labelling (BrdU+/NeuN+) revealed a reduction in 
the population of BrdU+ in the DAT-tg rats (t(18)= 2.140, p=0.046) (fig. 4). 
3.3 Study 3 tDCS improves symptoms and pathophysiology in the DAT-tg rats via the sensorimotor 
circuit 
The effect of tDCS on repetitive behavior was assessed. Here, a one-way rmANOVA showed an 
effect for treatment (F(5,33) = 2.727, p=0.036) as anodal tDCS (200µA) significantly reduced 
repetitive behavior in the DAT-tg rats as compared to sham stimulation (p=0.012) (Fig. 1a). 
Furthermore, a one-way rmANOVA showed a significant effect for treatment in the WT rats (F 
(5,28)= 3.388, p=0.016), with anodal tDCS (200µA) significantly increasing head movements as 
compared to sham stimulation (p=0.015) (Fig. 1b). No effect was seen for cathodal tDCS at any 
intensities tested in either DAT-tg or WT rats. Computational modelling revealed a peak of average 
current density and power dissipation 1.5mm anterior to bregma following anodal tDCS, which 
correlates with the coordinate of the M1 (Fig 2a,b). Extensive DBS was further employed to pin 
down, which specific cortical subregion and related circuit were involved in the repetitive behavior 
observed in the DAT-tg rats. In the DAT-tg rats, one-way rmANOVA showed an effect for 
treatment (F (10,51) = 4.112, p<0.001), with DBS reducing oral stereotypy when applied to the CPu 
(p=0.001) and the M1 (p=0.019) as compared to sham. DBS applied to the mPFC, OFC or thal 
yielded no effect (Fig. 1c).  
Looking for the neurobiological effects of anodal tDCS (200µA), a two-way ANOVA found a 
significant effect across groups for all the investigated areas (OFC (F(1,22) = 5.270, p=0.032); Nacc 
(F(1,23)=29.285 p<0.001); CPu (F(1,23)= 247.623, p<0.001)), with the DAT-tg rats displaying a 
general decrease in DA levels compared to WT rats (fig. 4a-c). In regards to DA turnover, a 
significant effect was found for animal groups (OFC: F(1,22)= 37.471, p<0.001; Nacc: 
F(1,22)=45.293, p <0.001); CPu: F(1,23)=43.789, p<0.001), with DAT-tg rats showing higher DA 
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turnover in comparison  to WT rats across all areas (fig. 4d-f). A qPCR analysis was conducted to 
assess the immediate effects of anodal tDCS (200 µA) on Pv+ and c-fos mRNA. DAT-tg rats 
showed significant lower levels of Pv+ mRNA after tDCS, in comparison to sham stimulation 
(Mann-Whitney U=1.500, p=0.005). There was no difference observed in WT rats. (Fig. 6). 
Following investigation into cortical activity patterns, a one-way ANOVA revealed a significant 
effect in the OFC (F(1,10)=5.129, p=0.043) and mPFC, (F(1,13)= 7.732, p=0.016), with anodal 
tDCS significantly increasing c-fos mRNA levels in these areas in the DAT-tg rats. Stimulation had 
no effect on c-fos expression levels in the WT rats. (Fig. 3). 
4.0 Discussion 
The present thesis aimed at investigating the consequences of DAT overexpression, followed by the 
assessment of tDCS as a potential non-invasive treatment strategy for repetitive disorders. 
Overexpression of DAT lead to neurobiological alterations, beyond the expected implications on 
the dopaminergic system, which translated into several behavioral deficits related to repetitive 
disorders. Application of anodal tDCS promoted symptom relief in the DAT-tg rat, which involved 
modulation of pathological findings related to symptom manifestation.  
DAT overexpression leads to deficits found in repetitive disorders  
Characterization of the DAT-tg rat revealed several behavioral and neurobiological deficits 
observed in repetitive disorders, such as TS. Involuntary movements have shown to increase 
following stress exposure and amphetamine application (38,39). This heightened susceptibility was 
also found in the DAT-tg rats, that displayed significant increase in repetitive behavior (oral 
stereotypy) following a low dose of amphetamine, ineffective in the WT rats. Induction of repetitive 
behavior evolved over time, with a maximum expression seen 80-120 min after injection 
(stereotypy phase). To inspect the pharmaco-responsiveness profile of the DAT-tg rats, clonidine 
and fluoxetine were tested. Clonidine is employed to reduce tics, whereas fluoxetine improves 
repetitive symptoms seen in obsessive compulsive disorder (OCD) (40,41). The pharmaco-
therapeutic assessment of the amphetamine-induced behavior, found clonidine to reduce repetitive 
behavior in the DAT-tg rats, whereas fluoxetine led to an unspecific reduction in locomotion in both 
groups. Dysfunction in the DA system and corticostriatal circuit has long been considered the 
driving force of repetitive pathophysiology (9–13,42). Accordingly, DAT-tg rats displayed 
increased DRD1 and DRD2 mRNA levels, increase in DA turnover and decrease in DA content in 
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the OFC, Nacc and CPu, that was paralleled with heightened MAO enzymatic activity – a finding 
also observed in TS (43). The imbalance in the corticostriatal circuit seen in repetitive disorders, is 
linked to striatal disinhibition due to specific disruption of Pv+ expressing interneurons (11,44–46). 
In correlation, DAT-tg rats displayed a significant reduction of Pv+ cells solely in the CPu, 
alongside heightened cortical activity measured by an increase in c-fos expression in the OFC. This 
collectively points towards the existence of corticostriatal dysbalance in the DAT-tg rats.  
Following cognitive assessment, DAT-tg rats displayed a compromised ability to execute cognitive 
tasks. DA dysfunction within the nigrostriatal system as well as dorsal striatal lesions have both 
shown to result in inadequate spatial learning and memory abilities, which in mice and rats amongst 
others translates into increased thigmotaxic (47,48). Indeed, DAT-tg displayed continuous 
thigmotaxis when placed in the MWM, as well as the inability to employ spatial search strategies. 
To sustain spatial learning, there is the need for neurogenesis and cellular rearrangement within the 
hippocampus, in which DA signaling plays an important role (49,50). Neurobiological assessment 
showed no apparent difference in neuronal proliferation between the control and DAT-tg groups, 
yet the DAT-tg rats displayed a reduction in neuronal integration (BrdU+/NeuN+), indicating an 
insufficient incorporation of newly formed neurons into the hippocampal circuit. Whether the lack 
of neuronal integration is linked to the learning disabilities observed in the DAT-tg rats needs 
further assessment. Cognitive deficits such as inadequate spatial recognition memory and learning 
abilities are also observed in patients with TS, which is subsequently related to abnormal activity 
especially within the limbic corticostriatal circuit (15,51–53). As such, to fully comprehend the 
extent of the repetitive disease profile, there is the need for further investigations into its 
neuropsychological aspects. Here, the DAT-tg rat may be of help to disentangle the relationship 
between dopamine-induced corticostriatal dysfunction and subsequent cognitive impairments.  
Taken together, apart from the expected dopaminergic alterations, direct overexpression of the DAT 
led to the formation of additional pathological events within key brain regions relevant to repetitive 
disorders. These abnormalities collectively resulted in an overall aberrant neuronal circuit, that 
translated into repetitive movements responsive towards TS-drug treatment, and to cognitive 
impairments also observed in the repetitive disease profile. As such, DAT overexpression seems to 
be implicated in the generation of repetitive behavior and its underlying pathophysiology, raising 
the need for further investigations into its role in repetitive disorders. Here the DAT-tg rat 
constitutes an ideal model for such investigations, also enabling the assessment of new therapeutic 
interventions targeted to affect the aberrant processes related to symptom generation.  
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Anodal tDCS improves behavioral and neurobiological deficits in the DAT-tg rat  
DBS is an invasive treatment approach, that through direct stimulation modulates both the targeted 
structure and its associative circuitry (54). Apart from its therapeutic effect, DBS may also in 
preclinical settings, be employed to investigate the involvement of specific brain regions within a 
given disorder. The corticostriatal circuit is comprised of topographical organized sub-circuits 
individually linked to different aspects of the repetitive disorder profile. Undesirable movements are 
related to the sensorimotor sub-circuit, whereas cognitive deficits and comorbidity are linked to the 
limbic - and associative sub-circuits, respectively (55,56). Application of DBS to various brain 
areas in the DAT-tg rats showed that repetitive behavior observed in the DAT-tg model, was solely 
reduced when structures of the sensorimotor circuit were stimulated (M1 and CPu). Stimulating 
areas of the limbic/associative circuit (mPFC and OFC) had no effect. This indicates that generation 
of repetitive behavior in the DAT-tg rats mainly resides within the sensorimotor corticostriatal 
circuit.  
Given the existence of cortical hyperexcitability, tDCS has been suggested as a non-invasive 
approach to tackle this particular pathological process involved in abnormal movements (26). 
However, despite some positive results, the most appropriate stimulation parameters and brain 
targets still need to be determined (57). When investigating the impact of frontal tDCS in the DAT-
tg rats, the effect was polarity specific and followed a non-linear dose-dependency, as solely anodal 
tDCS at 200 µA reduced repetitive behavior. On the contrary, same type of stimulation led to an 
increase in repetitive behavior in the WT rats (head movements). These findings counteract the 
classic approach of a dichotomous tDCS effect that solely involves a polarity-dependent shift in 
cortical excitability. Due to the presence of cortical hyperexcitability in the DAT-tg rats, cathodal 
stimulation would theoretically be ideal for symptomatic relief whereas anodal stimulation 
potentially could worsen symptoms. However, the positive effect of anodal stimulation in the DAT-
tg rats as well as its opposing behavioral effects found in the WT rats, revealed that interacting 
parameters eventually determines the cumulative output of tDCS. Especially dopaminergic 
alterations have shown to interact with polarity effects of tDCS, with increased DA levels reversing 
anodal stimulation to resemble cathodal stimulation (58–62). As shown in study 1, DAT-tg rats 
display immense dopaminergic alterations as opposed to WT rats. This may be accountable for the 
opposing behavioral outcome between the two groups and underlines the notion of tDCS effects 
being state-dependent. In conjunction, anodal tDCS did not affect DA levels or turnover, indicating 
that the provided therapeutic effect goes beyond DA regulation. 
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The magnitude and location of current density following tDCS application has shown to variate 
across the cortex despite a uniform application (63). A computer model was constructed to assess 
the current flow pattern mediated by anodal tDCS (200 µA) across the cortex. Here, results showed 
a prominent peak of current density and power dissipation above the coordinates correlating with 
the primary motor cortex (M1). Supporting our DBS findings, this indicates that improved 
movement control following anodal tCDS involves the sensorimotor circuit. In correlation, tic 
generation is linked to increased motor cortex excitability, which improves following M1 
modulation (64–69). As assessed by c-fos mRNA levels, the application of frontal anodal tDCS 
increased the activity of the OFC and mPFC in the DAT-tg rats. No change was seen in the WT 
rats. Increased activity between frontal and sensorimotor area has been found in TS patients, who 
gain the ability to voluntary suppress tics (70). The heightened activity in the DAT-tg rats after 
anodal tDCS, leaves thought for investigating the ability of tDCS to modify cortico-cortical 
interactions and subsequent behavior.  
Further investigation into the subcortical effects, revealed a general decrease in striatal Pv+ mRNA 
levels following anodal tDCS in the DAT-tg rats. Decrease in PV+ mRNA levels have shown to 
enhance inhibition, whereas inhibition is reduced following loss of PV+ interneurons (71). The 
reduction of PV+ mRNA levels indicate that modulation of striatal activity is implicated in the 
effect of anodal tDCS in the DAT-tg rat. This shows that the therapeutic effect of tDCS goes 
beyond the direct modulation of cortical activity, and also includes regulation of subcortical activity 
properties. Indeed, circuit-wide modulation of anodal and not cathodal stimulation has been 
observed clinically (72). Interestingly, there was no behavioral effect of cathodal stimulation in 
DAT-tg rats, which may indicate that circuit-wide modulation is essential when seeking symptom 
relief. In correlation, a recent published clinical study found that cathodal tDCS is ineffective in 
patients with TS (73).  
Taken together, this shows that when the appropriate protocol design is applied, anodal tDCS can 
mediate symptom relief in the DAT-tg rats through a modulation of both cortical and subcortical 
events residing within the sensorimotor circuit. This potentially sets the stage for using tDCS as a 
targeted treatment for repetitive disorders. 
Limitations and future investigations 
Animal models in general do not comprise the entire pathological spectrum of a human disorder. 
This thesis was based on an animal model with a distinct genetic abnormality considered involved 
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in neuropsychiatric disorders, including repetitive disorders. The generation of the DAT-tg model is 
driven by the NSE promoter, resulting in a ubiquitous DAT overexpression. Thus, the DAT-tg rat 
mainly constitutes an experimental framework, from which the consequences of DAT 
overexpression can be assessed. Employing other animal models in parallel to the DAT-tg rat, that 
are generated based on other etiologies, would essentially allow for a more complex insight into the 
repetitive pathophysiology and subsequent treatment effects of tDCS.  
Behavioral data in preclinical settings are averaged across groups to become evident, which renders 
the possibility of taking endophenotypes into account. Patients with repetitive disorders such as TS 
consist of a heterogeneous patient group, including treatment responders and treatment resistant 
patients (74). Thus, individual assessment in accordance to endophenotype is needed. Indeed, tDCS 
effects have shown to produce both within-participant and intra-patient variability, which has been 
linked to the inconsistent results often seen across tDCS studies (75). As a positive consequence of 
this observation, further studies into endophenotypes and intra-patient variabilities may allow for a 
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Rats overexpressing the dopamine 
transporter display behavioral and 
neurobiological abnormalities with 
relevance to repetitive disorders
Ravit Hadar1, Henriette Edemann-Callesen1,2, Claudia Reinel1, Franziska Wieske1, 
Mareike Voget1,2, Elena Popova3, Reinhard Sohr1, Yosef Avchalumov1, Josef Priller4, 
Christoph van Riesen5, Imke Puls6, Michael Bader3,7,8,9 & Christine Winter1
The dopamine transporter (DAT) plays a pivotal role in maintaining optimal dopamine signaling. DAT-
overactivity has been linked to various neuropsychiatric disorders yet so far the direct pathological 
consequences of it has not been fully assessed. We here generated a transgenic rat model that 
via pronuclear microinjection overexpresses the DAT gene. Our results demonstrate that DAT-
overexpression induces multiple neurobiological effects that exceeded the expected alterations in 
the corticostriatal dopamine system. Furthermore, transgenic rats specifically exhibited behavioral 
and pharmaco-therapeutic profiles phenotypic of repetitive disorders. Together our findings suggest 
that the DAT rat model will constitute a valuable tool for further investigations into the pathological 
influence of DAT overexpression on neural systems relevant to neuropsychiatric disorders.
In the realm of neuroscience, preclinical studies promote our understanding of normal and pathological brain 
function as well as the development of new treatment strategies and are thus invaluable. This leads to ongoing 
innovation and generation of new model rodents. The development of new models is either done by the selection 
of existing phenomena or the rationale driven manipulation of a specific mechanism. The latter may comprise 
environmental, pharmacological or genetic manipulations. Genetic models start with addressing the etiology 
of the modeled disorder1 however they may only be considered complete upon meeting further construct, face 
and predictive validity criteria. In neuro-psychiatry etiology is mostly obscure, forcing scientists into testing the 
assumed etiology by comprehensively evaluating the consequences of the manipulation on aspects of brain and 
behavior known to be aberrant in the modeled disorder. Preclinical studies succumb to a classical differentiation 
between mice and rats, such that it is mostly mice, which provide rationale-driven genetic models whereas rats are 
devoted to behavioral and environmental manipulations, due to their superior social and behavioral repertoire. 
Clearly, the latter is the essence of psychiatric disorders, hence genetic rat models would ideally incorporate both 
aspects.
Interdisciplinary evidence suggests a pivotal role of the dopamine system and the corticostriatal circuitry2 in 
the pathology underlying repetitive disorders. Reduced tonic extracellular3, increased presynaptic4, and phar-
macologically released intrasynaptic dopamine contents5 as well as increased dopamine receptor availability6, 
suggests an overactive dopamine transporter (DAT)7,8 in repetitive disorders, including Tourette syndrome (TS). 
Still, investigations into the direct consequences of DAT overexpression is underrepresented in preclinical studies 
with only very few models that allow insights into its relation to such neuropsychiatric disorders.
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On this basis we created a transgenic rat model that via pronuclear microinjection overexpresses the DAT gene 
(Fig. 1). Neurobiological and behavioral studies were conducted on adult male hemizygous DAT-transgenic rats 
(DAT-tg) ubiquitously overexpressing DAT in the corticostriatal and associated networks.
Results
DAT and DRD1/2 receptor expression. Western blot and qPCR were performed in order to assess the 
protein and mRNA expression levels of the dopamine transporter (DAT). qPCR was conducted to assess mRNA 
expression levels of the dopamine receptor 1 (DRD1), and dopamine receptor 2 (DRD2). Western blots showed 
that in comparison to wt rats, DAT-tg rats exhibited increased striatal protein-levels of the DAT transporter 
(striatum: T = − 2.171, p = 0.05) (Fig. 1d). qPCR showed that in comparison to wt rats DAT-tg rats exhibited 
significantly increased DAT mRNA levels in the following areas: medial prefrontal cortex (mPFC (T = − 2.588, 
p = 0.023)), orbitofrontal cortex (OFC (T = 9.161, p = 0.000)), nucleus accumbens (Nacc (T = − 2.755, 
p = 0.016)), caudate putamen (CPu (T = − 8.337, p = 0.000)), globus pallidus (GP (T = − 4.579, p = 0.000)), 
Figure 1. Generation of DAT-tg rats. (a) Schematic representation of the 4-kb DNA fragment used for 
the generation of the DAT transgenic rats. E1/2 = exon 1/2, and I1 = intron 1 of NSE, mDAT = murine DAT 
sequence, SV40 = Simian virus 40. (b) Representative DAT PCR products from wt (− ) and DAT-tg (+ ) 
rats. M = marker, NC = negative control, PC = positive control, transgenic band = 356 bp. One founder line 
was used for the study. Here one litter from this generation is shown. (c) Representative coronal sections of 
immunohistochemical stain of DAT expression for wt (left) and DAT-tg (right). (d) DAT Western blot analysis 
of striatal tissue from wt (n = 5) and DAT-tg rats (n = 10).
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hippocampus (Hipp (T-6.463, p = 0.001)), thalamus (Thal (T = − 5.410, p = 0.000)), and subthalamic nucleus 
(STN (T = − 4,589, p = 0.000)) (Fig. 2a). Further, DAT-tg rats exhibited increased DRD1 mRNA levels in the 
OFC (T = − 3.534, p = 0.000), Nacc (T = − 2.136, p = 0.029), CPu (T = − 6.217, p = 0.036) and Hipp (T = − 3.089, 
p = 0.009) and decreased DRD1 mRNA levels in the mPFC (T = 2.756, p = 0.016), Thal (T = 3.812, p = 0.002) and 
STN (T = 4.332, p = 0.000) (Fig. 2b). In a similar fashion, DRD2 receptors were upregulated in the OFC (T = − 
2.610, p = 0.022), NAcc (T = − 1.917, p = 0.029) and CPu (T = − 3.252, p = 0.006) whereas levels were downreg-
ulated in the mPFC (T = 3.246, p = 0.006), Thal (T = 2.646, p = 0.02) and STN (T = 3.414, p = 0.005) (Fig. 2c).
Neurotransmitter contents and compensatory mechanisms. Post mortem HPLC was conducted 
to assess neurochemical contents of different neurotransmitter system. DAT-tg rats exhibited a decrease in tissue 
dopamine contents in the OFC (T = − 7.504, p = 0.000), Nacc (T = − 13,726, p = 0.000) and CPu (T = − 14.611, 
p = 0.000), whereas an increase in dopamine was seen in the Hipp (T = 2.617, p = 0.020) and STN (T = 2.414, 
p = 0.029). With regards to metabolites and turnorver, DAT-tg rats exhibited increased DOPAC contents and 
dopamine turnover (DOPAC/dopamine) in the mPFC (DOPAC: T = 4.255, p = 0.000; turnover: T = 2.916, 
p = 0.011), OFC (T = 3.225, p = 0.006; turnover: T = 13.467, p = 0.000), Nacc (T = 4.391, p = 0.000; turnover: 
T = 7.542, p = 0.000), CPu (T = 9.134, p = 0.000; turnover: T = 19.314, p = 0.000), GP (T = 6.177, p = 0.000; turn-
over: T = 7.417, p = 0.000), Hipp (T = 5.884, p = 0.000; turnover: T = 1.35, p = 0.022), Thal (T = 4.009, 0.001; 
turnover: T = 1.505, p = 0.001) and STN (T = 4.503, p = 0.000; turnover: T = 2.962, p = 0.010) (Fig. 3a–c). For 
glutamate, DAT-tg rats exhibited increased contents in the CPu (T = 2.701, p = 0.016), GP (T = 4.934, p = 0.000) 
and STN (T = 4.113, p = 0.000) whereas a decrement was found in the thalamus (T = − 4.574, p = 0.000). 
With respect to GABA, DAT-tg rats exhibited decreased contents in the Nacc (T = − 2.665, p = 0.018) and GP 
Figure 2. DAT and DRD1/2 receptor expression. (a) DAT qPCR analysis of corticostriatal and associated 
network regions in wt (n = 8) and DAT-tg rats (n = 7). (b) Dopamine receptor 1 (DRD1) and (c) Dopamine 
receptor 2 (DRD2) qPCR analysis of corticostriatal and associated network regions in wt (n = 8) and DAT-tg rats 
(n = 7). mPFC: medial prefrontal cortex, OFC: orbitofrontal cortex, Nacc: nucleus accumbens, CPu: caudate 
putamen, GP: globus pallidus, Hipp: hippocampus, Thal: dorsomedial thalamus, STN: subthalamic nucleus. All 
data are means ± s.e.m. Asterisk (*) indicates significant difference to wt rats with p < 0.05.
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(T = − 2.231, p = 0.041) and increased contents in the mPFC (T = 2.962, p = 0.009), OFC (T = 3.161, p = 0.006) 
and CPu (T = 3.449, p = 0.004) (Fig. 4).
To investigate for possible compensatory mechanisms, monoamine oxidase (MAO) activity was assessed in 
striatal tissues. DAT-tg rats here exhibited a significant increase in total MAO activity as opposed to the wt rats 
(T = − 2.470, p = 0.028) (Fig. 3d).
Oscillatory activity. Oscillatory activity within the vmPFC, Nacc and STN was investigated via in vivo electro-
physiological recording. The assessed frequency bands included: theta (4–8 Hz), alpha (8–12 Hz), beta (12–30 Hz), 
and gamma (30–100 Hz). Results show that in comparison to wt rats DAT-tg rats exhibited increased alpha, beta and 
gamma activity within the STN (alpha: T = − 8.667, p = 0.000; beta: T = − 8.972, p = 0.000; gamma: T = − 2.781, 
p = 0.006) as well as increased beta and gamma activity within the mPFC (beta: T = − 6.701, p = 0.000; gamma: 
T = − 3.389, p = 0.000) and Nacc (beta: T = − 3.723, p = 0.000; gamma: T = − 2.594, p = 0.01) (Fig. 5a).
Figure 3. Neurotransmitter contents and compensatory mechanisms. Post mortem tissue (a) dopamine 
and (b) DOPAC contents as well as (c) dopamine turnover in corticostriatal and associated network regions in 
wt (n = 7) and DAT-tg rats (n = 10). mPFC: medial prefrontal cortex, OFC: orbitofrontal cortex, Nacc: nucleus 
accumbens, CPu: caudate putamen, GP: globus pallidus, Hipp: hippocampus, Thal: dorsomedial thalamus, 
STN: subthalamic nucleus. (d) Monoamine oxidase (MAO) activity of striatal tissues in wt (n = 8) and DAT-tg 
rats (n = 7). All data are means ± s.e.m. Asterisk (*) indicates significant difference to wt rats with p < 0.05.
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Immunostaining. Immunostaining of parvalbumin expressing (PV)+ interneurons, c-Fos expressing nuclei 
and Ki67 expressing cells was conducted to investigate for possible cellular changes reflecting altered network 
activity. Results show that DAT-tg rats exhibited a significant reduction of PV+ cells specifically in the CPu as 
opposed to wt rats (T = 3.228, p = 0.004) (Fig. 5b). Further, DAT-tg rats exhibited a significant increase in cFos 
expressing cells specifically in the OFC as compared to wt rats (T = − 2.884, p = 0.011) (Fig. 5c). No significant 
difference was found for Ki67 expression between DAT-tg and wt rats (Fig. 5d).
Structural analysis of brain volumes. The whole brain volume and the volumes of the mPFC, Hipp, and 
CPu were assessed using structural MRI. DAT-tg rats exhibited a significant increase in Hipp volumes as com-
pared to the wt rats (T = − 3.326, p = 0.01) alongside unaltered whole brain volumes (Fig. 6a). NeuN immunos-
taining further revealed no difference between DAT-tg and wt rats (Fig. 6b).
General behavioral assessment. Wt and DAT-tg rats were weighed across lifespan and body weights of 
DAT-tg rats were analyzed relative to body weight of age-matched wt rats. T-Test revealed DAT-tg rats to have 
significantly decreased body weights in comparison to wt rats across lifespan (T = 6.801, P = 0.000) (Fig. 7a). 
Figure 7b locomotion was analyzed as the total distance travelled on an open field over 30 min. T-Test revealed 
DAT-tg rats to travel significantly less than wt rats (T = 5.745, P = 0.001) (Fig. 7b). Figure 7a to study repetitive 
behavior upon stress-exposure, rats were exposed to unpredictable acoustic stimuli. T-test revealed DAT-tg rats 
to show a tendency towards more grooming (T = − 2.070, P = 0.063) when compared to wt rats, but no significant 
increment in the number of whole body shakes (T = − 1.527, P = 0.156) (Fig. 7c).
In the prepulse inhibition (PPI) paradigm, DAT-tg rats showed normal sensorimotor gating when compared 
to wt rats such that they expressed an unaltered suppression of the acoustic startle reflex (ASR) following acoustic 
stimuli of 69 db, 73 db, and 81db. However DAT-tg rats did show increased overall ASR reflecting hyper-arousal 
(T = − 2.449, P = 0.024) (Fig. 7d). In the elevated-plus-maze and the forced swim test, no difference were found 
between DAT-tg rats and wt rats (Fig. 7e,f). In the sucrose consumption test DAT-tg rats showed when compared 
to wt rats a tendency to increased anhedonia as expressed in a reduced consumption of sweetened condense milk 
(T = 1.659, P = 0.071) (Fig. 7g).
Repetitive behavior analysis. Repetitive behavior was assessed following the application of amphetamine 
(0.5 mg/kg, 2.0 mg/kg, and 5.0 mg/kg body weight (BW)) and saline over three consecutive days. To diminish the 
possibility of amphetamine-sensitization, dosages were applied in a randomized fashion. The assessed behavior 
included: no locomotion, locomotion, excessive rearing and sniffing as well as oral stereotypy and head move-
ments. Administration of 0.5 mg/kg amphetamine was ineffective in both strains and administration of 5.0 mg/kg 
amphetamine induced repetitive behavior in both, wt and DAT-tg rats. Upon administration of 2.0 mg/kg 
amphetamine, DAT-tg rats exhibited a significant increase in repetitive oral movements (T = − 3,545, p = 0.003), 
which effectively emerged 80–120 min after injection, whereas wt rats exhibited hyper-locomotion throughout 
the observation period (T = 4,718, P = 0.000) (Fig. 8a).
The effect of clonidine (0.01 mg/kg BW) and fluoxetine (20 mg/kg BW) versus saline on amphetamine (2 mg/kg 
BW) -induced behavior was assessed with respect to general movement and oral stereotypy. Same animals 
were exposed to drug administrations over a period of three consecutive days, with dosages applied in a rand-
omized fashion. For the effect of clonidine on oral stereotypy, ANOVA revealed a significant effect for the factor 
Figure 4. Glutamate and GABA contents. Neurochemical contents were examined in wt (n = 7) and DAT-tg 
rats (n = 10). Glutamate and GABA were measured in the medial prefrontal cortex (mPFC), orbitofrontal 
cortex (OFC), nucleus accumbens (Nacc), caudate putamen (CPu), globus pallidus (GP), hippocampus (Hipp), 
dorsomedial thalamus (Thal), and subthalamic nucleus (STN). All data are means ± s.e.m. Asterisk (*) indicates 
significant difference to wt rats with p < 0.05.
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Figure 5. Oscillatory activity and immunostaining. (a) Oscillatory activity of the vmPFC, Nacc and STN 
in wt (n = 5) and DAT-tg rats (n = 7). Upper panel shows entire frequency range, lower panel shows mean 
values for the frequency bands: theta (4–8 Hz), alpha (8–12 Hz), beta (12–30 Hz), and gamma (30–100 Hz). 
(b) Immunohistochemical cell counts of parvalbumin expressing (PV+ ) cells of the medial prefrontal cortex 
(mPFC), hippocampus (Hipp), caudate putamen (CPu) and globus pallidus (GP) in wt (n = 12) and DAT-tg rats 
(n = 11). (c) c-Fos expressing cells on representative slices of the mPFC, orbitofrontal cortex (OFC), nucleus 
accumbens (Nacc), CPu, GP, Hipp, thalamus (Thal) and subthalamic nucleus (STN) in wt (n = 8) and DAT-tg 
rats (n = 8). (d) Immunohistochemical cell counts of Ki67 expressing cells in the neurogenic zones of the 
hippocampus (dentate gyrus, DG) and the subventricular zone (SVZ) in wt (n = 9) and DAT-tg rats (n = 9).
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phenotype (F = 6,598, p = 0.019) and a significant interaction (F = 6.887, p = 0.018). Subsequent post hoc anal-
ysis revealed that untreated DAT-tg rats exhibited significantly more repetitive behavior than untreated wt rats 
(p < 0.05) and that clonidine significantly reduced repetitive behavior in DAT-tg rats (p < 0.05). With regards to 
the effects of clonidine on locomotion, no significant effect was found. The effect of fluoxetine on oral stereotypy 
showed a significant effect for the factors phenotype (F = 27.061, p = 0.000) and treatment (F = 10.382, p = 0.006) 
with DAT-tg rats displaying significantly more repetitive behavior than wt rats and fluoxetine reducing it in both, 
wt and DAT-tg rats. With regards to the effect of fluoxetine on locomotion, a significant effect of treatment was 
found (F = 15.127, p = 0.001) (Fig. 8b) such that fluoxetine reduced locomotion in both, wt and DAT-tg rats.
The effect of quinpirole (0.5 mg/kg BW) and saline on compulsive checking and grooming was assessed using 
the following groups: wt + saline, wt + quinpirole, DAT-tg + saline, DAT-tg + quinpirole. For compulsive check-
ing, a significant effect was found for phenotype (F = 11.464, p = 0.003) as well as a significant interaction across 
the factors phenotype and treatment. (F = 5.283, p = 0.032). Subsequent post hoc analysis revealed that quinpirole 
treated wt rats exhibited significantly more compulsive checking behavior as compared to untreated wt (p < 0.05) 
and quinpirole treated DAT-tg rats (p < 0.05). For grooming, a significant effect was found for both factors (phe-
notype: F = 22.960, p = 0.001; treatment: F = 17.091, p = 0.003) as well as a significant interaction (F = 21.278, 
p = 0.002) (Fig. 8b). Figure 8c following up on these effects, post hoc analysis revealed that in DAT-tg but not wt 
(p < 0.05) quinpirole significantly increased grooming when compared to saline conditions (p < 0.05).
Discussion
Our results show that overexpression of the DAT induces multiple neurobiological and behavioral deficits that 
have also been observed in repetitive disorders.
Involuntary repetitive movements have shown to worsen under stress and upon amphetamine challenge. 
Such accentuated susceptibility to amphetamine has been reported for TS and differentiates this condition from 
obsessive-compulsive disorders (OCD), a further disorder belonging to the repetitive spectrum9. In terms of 
pharmacotherapy, the alpha-adrenergic and imidazoline receptor agonist α - clonidine serves as first line treat-
ment due to its efficacy and tolerability10,11.
In rats, a typical expression of repetitive movements is grooming12. We here report, that DAT-tg rats showed 
increased grooming upon stress exposure. Upon d-amphetamine administration, both wt and DAT-tg rats 
developed repetitive behavior13. However, DAT-tg rats developed repetitive behavior already at amphetamine 
dosages ineffective in wt rats suggesting a susceptibility to amphetamine. This low-dose amphetamine induced 
repetitive behavior manifested over time with maximal expression 80–120 min after drug administration. It 
Figure 6. Structural analysis. (a) Volumes of the medial prefrontal cortex (mPFC), hippocampus (Hipp) and 
caudate putamen (CPu) relative to whole brain volumes as derived from MRI scans in wt (n = 6) and DAT-tg 
rats (n = 4). (b) NeuN expressing cells on representative slices of the mPFC, orbitofrontal cortex (OFC), nucleus 
accumbens (Nacc), CPu, globus pallidus (GP), Hipp, thalamus (Thal) and subthalamic nucleus (STN) in wt 
(n = 7) and DAT-tg rats (n = 5). All data are means ± s.e.m. Asterisk (*) indicates significant difference to wt rats 
(p < 0.05).
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consisted of fragmented grooming patterns of face and paws that rarely continued into a full-body grooming 
syntax, and was associated with a typical motor confinement. Interestingly, this particular behavior was also 
Figure 7. General behavioral assessment. General assessment of hemizygote DAT transgenic (DAT-tg) rats 
in comparison to wt rats. (a) wt and DAT-tg rats were weighed across lifespan. Body weight of DAT-tg rats was 
analyzed relative to body weight of age-matched wt rats. (b) Locomotion was analyzed as the total distance 
travelled on an open field over 30 min in each n = 10 wt and DAT-tg rats. (c) To study repetitive behavior 
upon stress-exposure, each n = 7 wt and DAT-tg rats were placed within the chambers used for prepulse 
inhibition (PPI) test and exposed to unpredictable acoustic stimuli. (d) Sensorimotor gating and arousal was 
analyzed in the PPI paradigm in wt (n = 14) and DAT-tg rats (n = 7). (e) Anxious behavior was measured in 
the elevated-plus-maze in wt (n = 15) and DAT-tg rats (n = 6). (f) In the forced swim test, the amount of time 
spent on struggling, swimming and floating was analyzed in wt (n = 14) and DAT-tg rats (n = 7). (g) In the 
sucrose consumption test the amount of sweetened condense milk consumed relative to body weight (BW) was 
measured in wt rats (n = 16) and DAT-tg rats (n = 7). All data are given as mean ± s.e.m. Asterisks (*) indicates 
significant difference between groups with p < 0.05.
www.nature.com/scientificreports/
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Figure 8. Repetitive behavior analysis. (a) Upper panel left: Repetitive behavior induced by d-amphetamine 
(0.5, 2.0 and 5.0 mg per kg body weight (BW)). Upper panel right: In DAT-tg rats, repetitive behavior evolves 
80–120 min after d-amphetamine (2 mg /kg BW). The wt rats display hyperlocomotion throughout the period 
(120 min). Hot colors (red) indicate presence and cold colors (blue) absence of behavior. Lower panel: dose-
dependent effects of d-amphetamine. (b) Clonidine effects (left) and fluoxetine (right) on locomotion and oral 
stereotypy following d-amphetamine (2 mg/kg BW) in wt (clonidine: n = 10; fluoxetine: n = 9) and DAT-tg rats 
(clonidine: n = 9; fluoxetine. n = 8). (c) Effects of quinpirole (QNP) on compulsive checking (left) and grooming 
behavior (right) in wt (n = 10) and DAT-tg rats (n = 10). All data are means ± s.e.m. Asterisk (*) indicates 
significant difference to wt rats, paragraph (§) indicates treatment effect (p < 0.05).
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the dominant behavior observed upon chronic intermittent application of the DRD2/DRD3 agonist quinpirole, 
which in wt rats induced compulsive checking behavior as previously reported14–16. Despite increased arousal 
and a tendency to anhedonia DAT-tg rats displayed intact sensorimotor gating, and scored normal in anxiety- 
and depression-associated paradigms. All together this suggests that behavioral abnormalities in DAT-tg rats are 
largely restricted to repetitive behavior symptomatology.
Testing pharmacotherapy, we found that clonidine specifically reduced repetitive behavior in DAT-tg rats 
whereas the serotonin reuptake inhibitor (SSRI) fluoxetine did not selectively affect repetitive behavior in DAT-tg 
rats. As expected, fluoxetine decreased locomotion in both phenotypes17. Clonidine is known to alleviate tics in 
TS whereas SSRI agents have been shown to ameliorate repetitive symptoms in OCD but not in TS.
The potential utility of DAT-tg rats in the context of repetitive disorder research is further supported by the 
neurobiological investigations of this study. TS has previously been associated with increased and decreased 
dopamine receptor availability6,9,18,19 and dopamine contents5,18,20–22. We found that ubiquitously induced DAT 
overexpression induced a region specific pattern of up- and downregulation. DAT-tg rats showed relative over-
expression of DRD1 + DRD2 in the OFC, CPu and Nacc. This was further paralleled by increased striatal MAO 
enzymatic activity, previously linked to TS23. Increased MAO activity leads to increased dopamine turnover, 
resulting in decreased in dopamine levels. In contrast, DRD1 + DRD2 expressions were downregulated in the 
mPFC, Thal and STN and dopamine contents were reduced in the Thal and STN, which suggests a reciprocal 
regulation of dopamine receptor expression and tissue dopamine contents24.
In TS patients, an altered balance between GABAergic cells and glutamatergic projections is associated with 
abnormal corticostriatal circuit activity2. This imbalance is thought to result from reduced numbers of GABAergic 
parvalbumin expressing (PV+ ) interneurons. In accordance with that DAT-tg displayed region-specific incre-
ments and decrements in GABAergic and glutamatergic contents in the corticostriatal circuit. Further, we found a 
reduction of PV+ interneurons in DAT-tg rats as compared to wt rats. In line with clinical data25,26, this reduction 
was restricted to the CPu. Striatal PV+ interneurons coordinate striatal activity by increasing medium spiny neu-
rons’ (MSN) firing threshold in response to cortical inputs25,27. Loss of PV+ interneurons found in TS patients is 
suggested to lead to MSN hyperactivity25,26. Both MSN and PV+ cells express dopamine receptors and depending 
on the membrane-potential are susceptible to dopaminergic activation27,28. The excessive depolarized state of 
MSNs facilitates the effect of dopamine on MSNs, which further reinforces their hyperactivity. As such, abnor-
malities in the striatal PV+ interneuron and dopamine systems may together induce an excessive activation of 
the cortico-striato-thalamic circuit leading to repetitive behavior28,29.
Further linkages of DAT-tg to repetitive disorders were gained by studies into neuronal cellular and population 
activity. DAT-tg rats exhibited upregulation of c-Fos in the OFC. Increased OFC activity is observed in patients 
with repetitive disorders29,30. DAT-tg rats further displayed increased beta and gamma oscillations in the mPFC, 
Nacc and STN and increased alpha oscillation in the STN. Beta activity in the STN is associated with movement 
abnormalities and inversely regulated by mesostriatal dopamine31. Alpha and gamma activity has been associated 
with spontaneous tic exertion and TS32. In general, alterations in LFP oscillatory activity are proposed as bio-
markers of dopamine dysfunction31 and neuro-psychiatric disorders33.
Ectopic DAT overexpression has previously been linked to neurotoxic events including oxidative stress 
and neuronal loss34–36. To explore whether DAT overexpression induced neuropathological changes in the 
DAT-tg rat, we measured the volume of the mPFC, the striatum and the hippocampus as these areas in the 
DAT-tg rat displayed both ectopic DAT expression and dopaminergic input but showed differential effects 
of DAT-overexpression on DA contents. MRI data displayed no atrophy in either the mPFC or the CPu but 
increased Hipp volumes in DAT-tg as compared to control rats. Increased Hipp volumes have been suggested 
to constitute a compensatory response in TS37. Further immunostaining of the neuron-specific marker (NeuN) 
revealed no difference between the phenotypes, which stresses the notion that ubiquitous overexpression of DAT 
does not induce neurotoxicity in the DAT-tg rat.
Our findings support the hypothesis that the DAT may constitute one important key component in repetitive 
pathophysiology and that DAT overexpression might be of relevance for further comprehension of neurobiologi-
cal mechanisms underlying neuropsychiatric disorders.
Experimental Procedures
Rats. Rats were housed in a temperature- and humidity-controlled vivarium with a 12-h light dark cycle 
(lights on 06:00 a.m.) with food and water available ad libitum. The study was carried out in accordance with the 
European Communities Council Directive of 22th September 2010 (2010/63/EU) and after approval by the local 
ethic committees (Senate of Berlin and Regierungspräsidium Dresden). All efforts were made to reduce animal 
suffering and number of animals used.
Preparation of the construct. The pcDNA3-murine dopamine transporter38 (mDAT) cDNA-vector was kindly 
provided by Heinz Bönisch (Institute of Pharmacology and Toxicology, University of Bonn, Germany) (Fig. 1a). 
It contains the full coding region of the mDAT cDNA and has been cloned by PCR with a sense primer derived 
from the partial mDAT gene sequence and an antisense primer deduced from the rat DAT cDNA. In this con-
struct the CMV promoter was replaced by the rat NSE promoter isolated from the pNSE-Ex4 vector comprising 
2.6 kb of 5′ -untranslated sequence plus exon 1, intron 1, and 6 bp of exon 2 but not the ATG start codon of NSE. 
Sequencing was performed by the University of Calgary DNA Sequencing Laboratory to confirm the sequence of 
the construct. The construct consisting of NSE promoter, mDAT coding sequence, and bovine growth hormone 
polyadenylation sequence was excised from the pcDNA3 vector with NruI/NaeI, purified by agarose gel electro-
phoresis and gel extraction using the QIAquick gel extraction kit and used for microinjection. The NSE promoter 
was chosen for the expression of DAT to avoid probable unpredictable effects due to increment in monoamine in 
dopaminergic nerve endings.
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Generation of transgenic rats was conducted as reported previously39. Briefly, immature female 
Sprague-Dawley (SD) Hanover rats (28 to 35-day-old from Janvier Labs, France) were induced to superovulate 
by intraperitoneal (i.p.) injection of PMSG (15 IU, Intervet) and hCG (30 IU Sigma). Thereafter, rats were mated 
with fertile males and 24 h later sacrificed to collect fertilized eggs. The DNA construct was microinjected into the 
pronucleus of zygotes40,41. Eggs were cultured for two hours and the surviving DNA-injected zygotes were trans-
ferred into the oviducts of pseudopregnant SD recipients at the day the vaginal plug was detected. Integration of 
the transgene was determined by transgene-specific PCRs with genomic DNA isolated from tail biopsies of the 
offspring after weaning (Fig. 1b). Neurobiological and behavioral studies were conducted on adult male hem-
izygous DAT-transgenic rats (DAT-tg) ubiquitously overexpressing DAT in the corticostriatal and the associated 
networks. Wildtype (wt) rats served as controls. Immunohistochemical staining of DAT expression was carried 
out for wt and DAT-tg rats (Fig. 1c).
Tissue processing. For Western blotting (WB), quantitative real time PCR (qPCR), and post mortem HPLC, 
and MAO activity assay, rats were decapitated and micropunches were taken bilaterally from 0.5–1 mm thick 
brain slices from the medial prefrontal cortex (mPFC), orbitofrontal cortex (OFC), thalamus (Thal), hippocam-
pus (Hipp), nucleus accumbens (Nacc), caudate putamen (CPu), globus pallidus (GP) and subthalamic nucleus 
(STN) as described previously42. The total RNA and protein was extracted using the NucleoSpin RNA/Protein-Kit 
(Machery-Nagel, Düven, Germany). For immunostaining, rats were transcardially perfused, brains postfixed in 
4% paraformaldehyde and cryosectioned in 40-µ m serial coronal frozen sections.
Western blotting. Protein concentrations were determined using a Nanodrop Spectrophotometer (peqlab) 
(UV 280 nm). Samples (pooled Nacc and CPu specimen only) were loaded alongside Precision Plus Protein 
Kaleidoskope Standards (Bio-Rad), subjected to discontinuous electrophoresis on 10% SDS-polyacrylamide 
gels and then transferred onto PVDF membranes (Roth) by electroblotting. Membranes were first incubated in 
SuperBlock T20 (TBS) Blocking Buffer (Lifetechnologies) at room temperature for 1 hour, and then incubated 
at 4 °C overnight with the primary antibodies: anti-DAT (1:200 dilution, Santa Cruz, sc-14002). A ß-actin anti-
body (1:800 dilution, Cell Signaling. 4967S) was used for internal control. Membranes were washed and incu-
bated with horseradish peroxidase-conjugated secondary antibodies (1:5000 dilution, Amersham, ECL Rabbit 
IgG, HRP-linked whole antidbody: GE Healthcare Life Science NA934) at room temperature for one hour. For 
repeated analysis, membranes were stripped with Restore™ Plus Western Blot Stripping Buffer (Thermoscientifc). 
Detection of immunoreactive bands was conducted using the Western lighting plus enhanced chemilumines-
cence (ECL) reagent (PerkinElmer) on a cooled charge-coupled device camera (FLI Proline PL09000, PA, USA). 
Images were processed using the Image J software.
qPCR. RNA concentrations were determined using a Nanodrop Spectrophotometer (peqlab). cDNA was syn-
thesized using the High Capacity RNA-to-cDNA Kit (Lifetechnologies). TaqMan qPCR was performed with 
StepOne Real-Time PCR System (Lifetechnologies) using TaqMan fast advanced master mix (Lifetechnologies). 
The following TaqMan Gene Expression assays (Lifetechnologies) were used: DAT (Rn00562224_m1), DRD1 
(Rn 03062203_s1), and DRD2 (Rn01418275_m1). CT values were normalized to the house keeping gene GFAP 
(Rn00566603_m1, Lifetechnologies), fold change was calculated using the ∆ ∆ CT method.
Monoamine oxidase activity assay. For assessing monoamine oxidase (MAO) activity, CPu punches were 
homogenized by ultrasonication in 70 ul assay buffer of a fluorometric assay kit (biovision K795–100). MAO 
activity was assessed according to the user manual.
Post mortem HPLC. Post mortem HPLC was conducted as described previously42. Dopamine and its metab-
olite DOPAC were separated on a column (ProntoSil 120-3-C18-SH; Bischoff Analysentechnik und -geräte 
GmbH, Germany) and electrochemically detected (Chromsystems Instruments & Chemicals GmbH, Germany). 
Glutamate and GABA were precolumn-derivatized with o-phthalaldehyde-2-mercaptoethanol, separated on a 
column (ProntoSil C18 ace-EPS) and detected by their fluorescence at 450 nm after excitation at 330 nm.
Immunostaining. Free-floating sections were stained with antibodies against Ki67 (1:500, Novocastra, 
NCL-Ki67p), NeuN (1:5000, Millipore MAB377), DAT (1:50, Millipore AP1569P), Parvalbumin (PV+ , 1:500, 
Antikörper-online, ABIN1742405), c-Fos (1:100, Santa Cruz, sc-52) and detected with goat-anti-rabbit bioti-
nylated secondary antibodies (1:1000, Vector Laboratories, BA1000). For PV+ immunostaining, one-in-twelve 
series from the rostral-caudal extent of the mPFC, Hipp, CPu and GP and for Ki67 immunostaining one-in-twelve 
series from the Hipp and the subventricular zone (SVC) were analyzed. For c-Fos and NeuN immunostaining, 
the number of positive nuclei that fell within a 0.5 ×  0.5 mm area (x 2,5 objective) in the mPFC, OFC, Thal, Hipp, 
Nacc, CPu, GP and STN was counted from one-in-twelve series sections from the rostral-caudal extent of the 
respective regions43. A representative picture of the DAT transporter was obtained.
MRI. MRI was performed using a 7 Tesla rodent scanner (Pharmascan 70/16, Bruker BioSpin,Ettlingen, 
Germany) and a 1H-RF quadratur-volume resonator with an inner diameter of 20 mm on ex vivo brains. Data 
acquisition and image processing were carried out with the Bruker software Paravision 5. All brains had been 
perfused and snap frozen in methylbutan. 24 hours prior to the scan, all brains were placed in phosphate-buffered 
saline (PBS) and stored at 4 °C, to allow for the defrosting of the brains. On the day of MRI acquisition, rat brains 
were placed in a 15 ml Falcon tube containing PBS–with the anterior-posterior axis of the brain co lining with the 
long axis of the tube. For imaging the whole brain a T2-weighted 2D turbo spin-echo sequence was used (imaging 
parameters TR/TE = 5980.3/36 ms, rare factor 8, 4 averages, 50 axial slices with a slice thickness of 0.5 mm, field 
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of view of (FOV) 20.59 ×  20.59 mm, matrix size 256 ×  256). Brain structure volume was estimated as the mean 
magnitude of regions of interest (ROI) using ImageJ software.
Electrophysiology. Local field potentials (LFPs) were recorded under urethane anesthesia (1.2 g/kg i.p., 
Sigma Aldrich, Germany) as descried previously44. Monopolar recording electrodes (polyimide insulated stain-
less steel, 0.125 mm, Plastics One, USA) were implanted ipsilaterally into the left mPFC, Nacc shell, and STN 
at the following coordinates with respect to bregma: mPFC: AP = 3.5, ML = 0.6, DV = − 3.4, Nacc: AP = 1.2, 
ML = 1.8, DV = − 8.1, STN: AP = − 3.6, ML = 2.5, DV = − 7.645. Recordings were referenced against 1.2 mm 
steel screws affixed to the skull in close proximity to each recording electrode. Signals were bandpass filtered 
(0.05 Hz–300 Hz), amplified, sampled at 1 kHz and digitized using a programmable neuronal data acquisition 
system (Omniplex, Plexon, Texas, USA). Recordings were conducted over a period of five hours. Offline data 
from the mPFC were inspected visually to identify and analyze epochs (40–50 s) of robust activated synchroni-
zation states (AS) reflecting signals of awake behaving rats46. The same time segments identified to show robust 
AS in the mPFC were also used for analysis of LFPs from the Nacc shell. Power spectral densities of the LFP data 
segments were calculated by employing the Fast Fourier Transform function (Spike 2 Version 6 data analysis soft-
ware; Hanning Window (1024 ms), 0.9766 Hz resolution). Frequency spectrum was divided into four EEG bands: 
theta (4–8 Hz), alpha (8–12 Hz), beta (12–30 Hz), gamma (30–100 Hz). Power spectra were normalized to total 
power between 103–147 Hz and 153–197 Hz. Power was averaged across the specific frequency bands and further 
expressed in arbitrary units (a. u.). Correct electrode tip placements were histologically verified.
Behavioral analysis and drug treatment. Amphetamine-Induced stereotypy. Testing took place in indi-
vidual testing boxes (50 ×  50 ×  50) composed of 4 identical Plexiglas walls. Boxes were visually isolated from 
each other by an opaque screen. Experiments were performed over three consecutive days, during which animals 
were subjected to the three different dosages of d-amphetamine (i.p 0.5 mg/kg, 2.0 mg/kg or 5.0 mg/kg, dissolved 
in 0.9% saline at a volume of 1.0 ml/kg, Sigma Aldrich, Germany) in a cross over design. On testing days and 
prior to injection animals were habituated to the testing boxes for 20 min. Following injection, animals were 
immediately placed back into the testing boxes and behavior was recorded for 120 min. For analysis, the 120 min 
test was divided into 5-min segments and the most prominent behavior was scored for each segment. Behavioral 
scoring was based on an adapted version of the scoring protocol employed by Carter et al.47 dividing behavioral 
expression into (i) limited exploratory activity with discontinuous sniffing/grooming/rearing (no locomotion), 
(ii) constant exploratory activity with discontinuous sniffing/grooming/rearing (locomotion), (iii) continuous 
rearing (rearing), (iv) continuous sniffing (sniffing), (v) continuous biting, gnawing or licking (oral stereotypy), 
(vi) continuous head swaying/head bobbing (head movements).
Amphetamine and clonidine/fluoxetine treatment. Testing took place in testing boxes as described above. 
Experiments were performed over two testing days 72 h apart, during which animals were randomly assigned to 
treatment (clonidine/fluoxetine) or control (saline) conditions in a cross over design. On both testing days, all 
animals were initially habituated to testing boxes for 20 min after which they were injected with amphetamine 
(2.0 mg/kg, dissolved in 0.9% saline at a volume of 1.0 ml/kg, Sigma Aldrich, Germany), placed back into the 
testing boxes and video recorded. 50 min after amphetamine injection, animals were injected with clonidine (i.p 
0.01 mg/kg, dissolved in 0.9% saline at a volume of 10 ml/kg, Sigma-Aldrich, Germany), fluoxetine (20 mg/kg, 
dissolved in 0.9% saline at a volume of 1.0 ml/kg, Hexal, Germany) or saline after which they were placed back 
into the testing boxes. Behavior was analyzed for the period of most prominent expression of oral stereotypy in 
drug-free conditions, i.e. 80–120 min post amphetamine application. For analysis, the 40 min test period was 
divided into 5-min segments and the most prominent behavior was scored for each segment as described above.
Quinpirole induced repetitive behavior. Rats treated chronically with the dopamine D2/D3 receptor agonist 
quinpirole (QNP) develop compulsive-like behaviors that resemble compulsive checking behavior of OCD 
patients15. Rats were injected subcutaneously twice weekly for a total of 10 injections with either saline or QNP 
hydrochloride (0.5 mg/kg body weight, 0.5 mg/ml 0.9% NaCl, Sigma® Aldrich, Germany). Fifteen minutes after 
each injection, animals were placed in an open field that consisted of a glass table (140 ×  140 and 20 cm high) 
subdivided into 25 rectangles (locales) and equipped with 4 plexiglas boxes at fixed locations. The 10th session, 
when QNP treated rats are known to display compulsive checking behavior was videotaped and analyzed using 
tracking software (VideoMot 2 system, TSE, Bad Homburg, Germany). The following measures were assessed: 
(i) total distance traveled, (ii) total time of activity/inactivity, (iii) frequency of stops at each open field locale, 
(iv) mean duration of return time to a given locale, (v) mean stop duration at a given locale, (vi) total duration 
of stops at a given locale. The locale with the highest total duration of stops was individually defined as the home 
base and compulsive checking behavior was analyzed with reference to the HB. Compulsive checking is present 
if the rat meets the following three criteria: it returns to HB excessively often, excessively rapidly, and visits less 
places before returning to the HB. As repeated administration of QNP increases locomotion and since checking 
behavior requires locomotion, arithmetic was applied allowing the assessment of checking behavior relatively 
independent from locomotion. Specifically, for each rat individually, the expected rate of return to a locale was 
calculated by dividing the total number of visits in a session by the number of locales visited. Next, the ratio 
of observed to expected HB visits was calculated by dividing the number of visits to the HB with the expected 
rate of return to a locale. Additionally, the total time spent on grooming/oral stereotypy on the 10th test day was 
calculated.
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Startle stress response. Animals were exposed to unpredictable acoustic stimulus to investigate the effect of 
stressor-exposure on repetitive behaviour. Animals were placed in the chambers used for prepulse inhibition 
(PPI) test. The plastic enclosure used to restrain the rats during PPI testing was removed. The door was left open 
and a piece of clear Plexiglas was placed in front of the opening of the chamber to prevent the rats from escaping. 
Rats were acclimated to the box for 10 min, then a PPI protocol was initiated and run for 10 min, thereafter rats 
were left undisturbed for further 10 min12. The process was recorded and scored on playbacks. The total time 
spent on grooming as well as the number of whole body shakes during the 20 min after PPI protocol initiation 
was analyzed.
Prepulse inhibition of an acoustic startle response. Acoustic startle response (ASR) and PPI of the ASR was 
assessed using a standard startle chamber (SR-lab, San Diego Instruments). An adapted version of the general 
SR-LAB startle response user manual was applied. Animals were exposed to a 5 min acclimatization phase of 
white noise at 65 dB, followed by 5 initial startle stimuli (120 dB, each presented for 40 ms). The test session was 
pseudorandomized and composed of 40 startle stimuli presented either alone (120 dB for 40 msc), or proceeded 
by a pre-pulse of either 69, 73 or 81 dB for 20 ms, 100 ms before the startle. Each pulse or pre-pulse trial was 
separated by inter-trial intervals of a randomized duration ranging from 15–30 seconds, during which white 
background noise was presented (65 dB), leading to a total testing time of approximately 40 min. The animals’ 
startle reaction to the stimuli alone and to the pre-pulse trials was measured for 100 ms following the stimu-
lus and amplitude as well as percentage decrease in startle response with pre-pulses (pre-pulse inhibition) was 
estimated41.
Elevated plus maze. Animals were placed in the center of an elevated plus maze (EPM, 42 ×  42 cm, arm width: 
23 cm), composed of two closed and two open arms. The animals were allowed to freely explore the maze for 
5 min, while behavior was recorded via a web camera. The total time spent on open arms (OA, with both front- 
and hind paws placed on the arm) was determined48.
Forced swim test. Animals were conditioned to water-filled glass cylinders (depth of 30 cm, 25 °C) for 15 min 
24 h prior to testing. The cylinders were visually isolated from each other by an opaque screen. On testing day, 
animals were placed in the cylinders for 5 min and behavior was recorded via a web camera. For behavioral anal-
yses, the 5 min test was divided into 5-second segments and the most predominant behavior was determined per 
segment (struggling, swimming and floating behaviour)48.
Sucrose consumption test. 48 h prior to testing, animals were habituated to the individual testing cages and 
bottles (containing water). 24 h thereafter, animals were habituated to the sweetend condensed milk (Nestlé, 
Milchmädchen gezuckerte Kondensmilch, (1:3)) for 30 min in their home cage and subsequently food restricted 
until time of testing (15 g per animal). On the day of testing, animals were placed in the individual cages with free 
access to the sweetend condensed milk for 15 min. Bottles were weighed before and after testing. The amount of 
sweetend condensed milk consumed normalized to individual body weight was calculated48.
Blinding. Throughout the experiments best possible blinding was conducted. For video tracking during 
behavioral testing, animals were number-coded such that the experimenter was blinded to phenotype and treat-
ment condition during later video analysis. The same system was applied to neurobiological analysis.
Statistical analysis. Data are shown as means ± s.e.m. We used Student’s t test to calculate significant dif-
ferences between wt and DAT-tg rats. We used two-way ANOVA with the factors phenotype (wt, DAT+/) and 
treatment (saline, QNP) for behavioral analysis of QNP induced repetitive behavior, and two-way ANOVA with 
repeated measure with the factors phenotype (wt, DAT-tg) and treatment (saline, clonidine/fluoxetine) for drug 
experiments followed by Holm-Sidak post hoc test if applicable. Significance was set at P < 0.05.
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Learning deficits in rats 
overexpressing the dopamine 
transporter
Nadine Bernhardt  1, Maike Kristin Lieser1, Elizabeth-Barroeta Hlusicka1,2, Bettina Habelt1,2, 
Franziska Wieske1,2, Henriette Edemann-Callesen1,2,3, Alexander Garthe4 & Christine Winter1,2
With its capacity to modulate motor control and motivational as well as cognitive functions dopamine 
is implicated in numerous neuropsychiatric diseases. The present study investigated whether an 
imbalance in dopamine homeostasis as evident in the dopamine overexpressing rat model (DAT-tg), 
results in learning and memory deficits associated with changes in adult hippocampal neurogenesis. 
Adult DAT-tg and control rats were subjected to the Morris water maze, the radial arm maze and 
a discrimination reversal paradigm and newly generated neurons in hippocampal circuitry were 
investigated post mortem. DAT-tg rats were found to exhibit a striking inability to acquire information 
and deploy spatial search strategies. At the same time, reduced integration of adult-born neurons in 
hippocampal circuitry was observed, which together with changes in striatal dopamine signalling might 
explain behavioural deficits.
Midbrain neurons located in the substantia nigra pars compacta (SNc) and ventral tegmental area (VTA)1 provide 
a ‘tonic’ baseline level and ‘phasic’ large changes of dopamine (DA) concentrations to downstream cortical and 
subcortical structures2,3. DA is released after reinforcing stimuli and novel experiences4 and is fundamental for 
cognition-related brain functions through its modulation of motivation, memory, motor output, and neuroen-
docrine integration.
Within the striatum, DA firing encodes errors in reward prediction, providing a learning signal to guide future 
behavior5. Striatal DA contributes to formation and expression of associations6,7, action selection and modulation 
of motivation8,9 together supporting learning and goal-directed behaviour.
In the hippocampus DA release occurs following novelty exposure10 and affects plasticity, synaptic transmis-
sion and the network activity within hippocampal circuitry11–14. Primarily through D1-class receptor activation, 
hippocampal DA release facilitates long-term potentiation15,16 thereby stabilizing new place maps necessary for 
spatial learning17.
Hippocampal and striatal memory systems have long been thought to operate independently. Recently, how-
ever they have been shown to act in synergism18. Animal studies demonstrate that hippocampal oscillatory activ-
ity increases during place learning and that hippocampal-striatal coherence appears after training, a mechanism 
considered necessary in switching from place learning to the usage of a proper response strategy19.
Further, DA is an important component of neurogenic niche signals and influences several aspects of neuro-
genesis including proliferation, migration and differentiation20 associated to hippocampal learning21. DA not only 
modulates ontogenetic neurogenesis22, in the adult brain DA fibres directly target subventricular zone (SVZ) and 
subgranular zone (SGZ) neuronal precursors23,24 expressing DA receptors24–26. In this line ablation of midbrain 
DA neurons in rodents, results in reduced adult neurogenesis both in striatum and hippocampus24,27.
The dopamine transporter (DAT) constitutes one regulatory mechanism of extracellular DA and altered DAT 
functioning has been linked to several neuropsychiatric diseases with dysregulation of DA neuronal function28. 
Rats overexpressing the DAT (DAT-tg) display profound alterations within the DA system, i.e. increased striatal 
and hippocampal D1/D2 receptor expression as well as decreased striatal DA and two-fold increased hippocam-
pus DA content29. In addition, DAT-tg rats exhibit increased hippocampal volumes suggesting also functional 
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consequences within hippocampal circuitry. So far, neurobiological alterations were shown to translate into repet-
itive behaviour. We here studied whether these profound alterations in striatal and hippocampal DA homeostasis 
also affect hippocampal adult neurogenesis translating into learning and memory deficits.
Results
Experiments were conducted on male hemizygous dopamine transporter overexpressing rats (DAT-tg) and their 
respective control littermates (wildtypes, wt) as outlined in Fig. 1.
Morris water maze (MWM). Acquisition training. Control animals successfully learned to find the hid-
den platform during the acquisition period. In comparison DAT-tg animals showed a significantly lower rate of 
successful navigation to the platform (trial: F(6.8,171) = 3.516, p = 0.002; genotype: (F(1, 25) = 181.2, p < 0.001; 
trial × genotype interaction: F(6.8, 171) = 3.941, p = 0.001; repeated measures ANOVA) and none of the DAT-tg 
animals has been found to reach the platform above chance level (Fig. 2d). In accordance path length was sig-
nificantly increased in DAT-tg animals compared to wt with significant differences on all days of the acquisition 
phase (day: F(2.4,59.8) = 47.61, p < 0.001; genotype: F(1, 25) = 78.673, p < 0.001; day × genotype interaction: 
F(2.4,59.8) = 3.655, p = 0.025; repeated measures ANOVA; Fig. 2b). Both, a significant trial × genotype interac-
tion for successful navigation to the platform and a significant day × genotype interaction for path length, reflect 
a substantial learning defect i.e. shallow learning curve in DAT-tg rats. Latency to find the platform could not be 
analysed due to the few numbers of successful trials exhibit by DAT-tg animals. However DAT-tg animals per-
formed equally in regard to swim speed (day: F(3,75) = 17.612, p < 0.001; genotype: F(1,25) = 0.571, p > 0.05; day 
× genotype, F(3,75) = 1.797, p > 0.05; repeated measures ANOVA; Fig. 2c).
Spatial search strategies. At each trial in the course of learning in the water maze, animals have a specific prob-
ability to choose an effective, more hippocampus-dependent spatial search strategy that depends on the already 
learned spatial knowledge over a less hippocampus dependent nonspatial strategy30. To assess such qualitative 
aspects of learning during acquisition training, swimming paths were categorized into different behavioural 
strategies, representing progression from thigmotaxis to direct swimming (namely: thigmotaxis, random search, 
scanning, chaining, directed search, focal search and direct swimming31). As illustrated through visual inspection 
of probability plots (Fig. 2e) control animals were found to proceed reliably from initial thigmotaxic behaviour 
towards using allocentric strategies, where distal cues provide geometric reference to the animal’s location while 
DAT-tg rats failed to do so. Using a repeated measures logistic regression model, we statistically assessed changes 
in the chance (odds) for using either a more hippocampus-dependent or less hippocampus-dependent strategy 
comparing DAT-tg to wt rats. We found a statistically significant effect on strategy choice for the use of more 
hippocampus versus less hippocampus dependent strategies on genotype (Estimategenotype = −0.81, SE = 0.22, 
z = −3.71, p < 0.001). The estimated odds-ratio (OR) was OR = 0.44(p < 0.001). Thus, DAT overexpression in 
DAT-tg rats significantly reduced the chance of an animal to use a spatial, more hippocampus-dependent strategy. 
We than specifically tested the use of thigmotaxis versus all other more complex strategies and found a statistically 
significant effect (Estimategenotype = 1.07, SE = 0.23, z = 4.54, OR = 2.9, p < 0.001). Thus, in DAT-tg rats the chance 
to use thigmotaxis as a strategy is almost 3fold higher compared to wt.
Probe trial performance. On the fifth day when the platform had been removed wt rats spent most of the time 
in the previous goal quadrant indicative of successful spatial learning (NW/NE t(10) = 3.452, p = 0.007; NW/SE 
t(10) = 2.303, p = 0.047; all other p > 0.05; Student’s t-test, Fig. 2f). In contrast, DAT-tg rats did not exhibit signifi-
cant preferences for any of the pool quadrants (all p > 0.05; Student’s t-test, Fig. 2f) and showed significantly fewer 
crossings over the former platform position compared to controls (U(27) = −4.559, p < 0.001; Fig. 2g). Again 
DAT-tg animals differed by significantly exhibiting thigmotaxic swimming while controls exploited egocentric 
and allocentric search strategies (U(27) = −4.941, p < 0.001; Fig. 2e).
Figure 1. Experimental design. Labelling of newly generated cells for analysis of hippocampal neurogenesis 
was achieved by injecting proliferation marker BrdU into rats, three times with a six hours interval at a dose 
of 50 mg/kg. Following BrdU injections, animals performed a series of tasks investigating aspects of learning 
and memory and sensorimotor function. Behavioural experiments were performed in 3 batches of animals (A: 
wt n = 4, het n = 8; B: wt n = 2, het n = 4;C: wt n = 5, het n = 4). Test order Batch A: RAM, DR, SCT, OF/OP/
NOR, MWM; Batch B: RAM, OF/OP/NOR, MWM, SCT, DR; Batch C: MWM, RAM, OF/OP/NOR, SCT, DR. 
BrdU = 5-Bromo-2′Deoxyuridine, MWM = Morris water maze, DR = Discrimination Learning, RAM = Radial 
arm maze, OF = open –field, OP = open platform, NOR = novel object recognition, SCT = sucrose 
consumption test, PND = postnatal day, IHC = immunohistochemistry.
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Cued platform trial. Performance in cued trial was not significant different in DAT-tg compared to wt rats. 
Independent of the genotype not all animals were found to successfully approach the platform within 60 s 
(χ2(1) = 1.8, p = 0.178). Further similar path length (t(16) = 0.250, p = 0.806; Fig. 2h,) and velocity (t(16) = 0.806, 
p = 0.435; Fig. 2i) support the notion that sensorimotor function cannot account for the spatial learning and 
retention deficits observed in the DAT-tg animals.
Discrimination reversal (DR). The DR paradigm initially requires learning to discriminate the favourable 
T-Maze arm providing the escape platform. 43.8% of DAT-tg rats dropped out at this stage (n = 3 drowning/not 
Figure 2. Behavioural assessment of learning and memory. (d) Schematics of MWM set up. In the Acquisition 
phase (day1–4) DAT-tg rats do not learn to locate the hidden platform (a), thereby showing longer path 
length compared to controls (b) but intact motor function (velocity (c)). (e) The probabilistic occupancy plots 
represent sum data over trials and rats within respective groups and illustrate the rapid development of a place-
specific preference for the platform position for control animals but not DAT-tg animals. (e–g) In accordance 
to the impairment in learning during acquisition DAT-tg animals do not prefer the former goal quadrant after 
platform removal as found for controls. (e) During probe trial DAT-tg rats continuously show thigmotactic 
swimming around the wall of the pool. DAT-tg: n = 16; wt: n = 11 (h,i) Performance during cued platform 
trials indicates intact sensorimotor function when platform is visible. DAT-tg: n = 10; wt: n = 8 (j) During 
the discrimination learning paradigm DAT-tg rats exhibit impairments in initial acquisition. DAT-tg: n = 9; 
wt: n = 11 (k) During RAM DAT-tg rats exhibit significantly longer trial durations due to lack in exploratory 
behaviour. DAT-tg: n = 16; wt: n = 11 Dashed line (a,f) indicates chance level. Error bars indicate the standard 
error of the mean, significance level p < 0.05.
www.nature.com/scientificreports/
4SCIENTIFIC REPORTS |  (2018) 8:14173  | DOI:10.1038/s41598-018-32608-7
swimming, n = 4 did not reach criterion) while all control rats reached criterion of 5 consecutive correct choices 
within 25 trials. ANOVA for animals completing the task showed a significant difference between genotypes; 
that is DAT-tg animals needed significantly more trials for discrimination learning than wt rats (U(20) = −2.381, 
p = 0.022; Fig. 2j). Performance during the reversal stage, which reflects the ability to change behaviour in the 
face of altering contingencies did not significantly differ between genotypes (U(20) = −0.956, p = 0.356; Fig. 2j).
Radial maze. DAT-tg exhibited lower explorative behaviour already during habituation trials, i.e. they did not 
explore all arms and therefore did not consume all baits. During test trials DAT-tg animals continually showed a 
significantly lower rate of successful completion of the task over all trials i.e. location and consumption of all baits 
within 10 min (U(27) = −3.461, p < 0.001). This was caused by a reduced exploration behaviour i.e. staying in one 
arm over the whole trial duration. In accordance trial duration was significantly increased in DAT-tg compared 
to wt rats, with no improvement over task progression (day x genotype: F(4, 92) = 1.22, p = 0.278; genotype: F(1, 
23) = 46.799, p < 0.001; day: F(4, 92) = 1.232, p = 0.308; repeated measures ANOVA; (Fig. 2k). The observed 
highly reduced engagement of DAT-tg animals in task activity impeded further analysis of working memory and 
reference memory errors.
Exploratory behaviour. Analysis of general locomotor activity in the open field (OF) revealed a signifi-
cant difference in genotypes for distance travelled (t(25) = 5.302, p < 0.001; Fig. 3b) and velocity (t(25) = 5.611, 
p < 0.001; Fig. 3c). As expected rats, independent of their genotype did spend a significantly greater amount of 
time in the wall zone of the arena. The time spend in centre zone did not differ between genotypes (t(25) = 1.860, 
p = 0.075; Fig. 3a). Analogous in the open platform (OP) test locomotor activity was reduced in DAT-tg rats; dis-
tance travelled (t(25) = 0.415, p = 0.001; Fig. 3e), velocity (t(25) = 5.534, p = 0.001; Fig. 3f). Further a significant 
difference was found for the time spend in border and centre zone, respective (t(25) = 4.399, p < 0.001; Fig. 3d).
Figure 3. Exploratory behaviour and general locomotor activity. Results from the (a–c) Open-field (OF) 
(d–f) Open-platform (OP) (g–i) novel object recognition (NOR) and (j) Sucrose consumption test (SCT) are 
presented. (i) Discrimination index can vary between +1 and −1, where a positive score indicates more time 
spent with the novel object for controls, and a negative score for DAT-tg rats indicates more time spent with the 
familiar object. The dashed line indicates a null preference of novel-object investigation. (a–f,j) DAT-tg: n = 16; 
wt: n = 11 (g–i) DAT-tg: n = 7; wt: n = 11 Error bars indicate the standard error of the mean, significance level 
p < 0.05.
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During the familiarization phase of the novel object recognition (NOR) test individual DAT-tg animals were 
found to explore only one of the two objects while over the group this preference was not biased for object 
or object location. Accordingly overall distance travelled (t(17) = 2.832, p = 0.011; Fig. 3h) was significantly 
reduced in DAT-tg compared to wt rats however the total time spend with object exploration was not different 
(t(17) = 0.583, p = 0.568; Fig. 3g). During test-phase one-sample Wilcoxon rank test revealed that the average dis-
crimination index (DI) was not significantly above or below chance level for neither wt nor DAT-tg rats (p > 0.05). 
However DAT-tg compared to control exhibit a reduced novel-object preference (t(17) = 2.192, p = 0.045; Fig. 3i).
No difference between genotypes was found in sucrose consumption (t(25) = 0.865, p = 0.396; Fig. 3j).
Hippocampal neurogenesis. Quantitative analysis of active proliferating progenitors in the SGZ of the 
dentate gyrus (DG) following our extensive behavioural experimental program was done using Ki-67, an endog-
enous marker for proliferating cells. There was no difference in the number of Ki-67+ cells between DAT-tg and 
wt rats (t(14) = 1, p = 0.332; students-t test; Fig. 4a). Similarly no significant difference was found in the number 
of bromodeoxyuridine (BrdU) labelled cells 10 weeks post injection (t(18) = −0.891, p = 0.385; students-t test; 
Fig. 4b). However co-labelling analysis with the mature neuronal marker NeuN (BrdU+/NeuN+) showed a sig-
nificant reduction in the neuronal BrdU+ population in DAT-tg compared to wt rats (t(18) = 2.140, p = 0.046; 
students-t test; Fig. 4b), indicative of reduced incorporation of newly generated neurons into hippocampal cir-
cuitry in DAT-tg rats.
Discussion
DAT-tg rats displayed immense deficits in acquiring information as well as a reduced integration of newly gener-
ated neurons into hippocampal circuitry. Balanced DA levels are crucial for cognitive performance and both too 
little and too much DA impairs performance e.g. for reward-based learning32.
Previously, dopamine deficient mice have been shown to not engage in behaviours in which food is used as 
reinforcement33. Likewise, DAT-tg rats were unable to perform in the radial arm maze. DAT provides a rapid 
and efficient mechanism for reuptake of synaptic DA. DAT-overactivity consequently causes exceptionally fast 
DA reuptake and therefore rapid clearing of DA from synapses, modelling synaptic DA deficiency. Changes in 
DA levels have repeatedly been reported to immediately affect willingness to engage in work, supporting the 
Figure 4. Histochemical analysis of hippocampal neurogenesis. Ten weeks after injection and behavioural 
assessment proliferation (Ki67) survival of newly generated cells (BrdU) and proportion of generated neurons 
(BrdU/NeuN) was quantified. The number of (a) Ki67-positive cells for DAT-tg: n = 9; wt: n = 7 and (b) 
BrdU-positive cells. DAT-tg: n = 13; wt: n = 7 did not differ between genotypes. However in DAT-tg rats lower 
numbers of BrdU/NeuN double-labelled cells could be detected. DAT-tg: n = 13; wt: n = 7. Error bars indicate 
the standard error of the mean, significance level p < 0.05. (d–g) Representative images for Ki67 DAB staining 
(d,e) and BrdU/NeuN immunofluorescent staining (f,g) are shown. Ki67 bright field, NeuN, red; BrdU, green; 
Scale bar: (d,e) 150 µm, (f,g) 100 µm, (insets) 15 µm.
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idea that fast DA fluctuations influence motivational aspects of decision-making34. Correspondingly, as seen in 
the OF as well as the NORT, novelty was not sufficient to provide motivation to move in the DAT-tg rats. While 
sucrose consumption data indicates a similar hedonic impact, altered DA and its motivational function i.e. the 
willingness to engage in work to receive the reward35 may underlie the reduced performance of DAT-tg animals 
in the appetitive RAM.
In contrast in the MWM and the discrimination reversal water comprises a strongly aversive component pro-
viding the means to motivate movement (swimming) as a necessity to approach the hidden platform. Nevertheless 
DAT-tg rats were severely compromised also in performance in these tasks. In the MWM, thigmotaxis, which is 
swimming along the walls of the pool, was the most prominent behaviour seen in DAT-tg rats. Initial thigmotaxis 
is commonly observed in rats but is usually rapidly replaced by efficient cognitive strategies that depend on the 
association between environmental cues and the spatial location of the platform. Also in the present study, control 
rats showed an immediate shift to approach the platform limiting thigmotactic behaviour to the first trials and 
exhibiting a steep learning curve. DAT-tg animals however showed continuous thigmotaxis over all trials and 
thus were severely impaired in locating the hidden platform. There are several explanations for excessive thigm-
otaxis found in the literature: motor impairments, lack of orientation, increased anxiety or an inability to deploy 
spatial search strategies. With respect to motor impairments analysis of open field behaviour showed no apparent 
defects in coordination. Additionally, when placed in water DAT-tg rats were capable of swimming with normal 
swim speed. DAT-tg rats further displayed normal sensorimotor function indicated by visual performance using 
optomotor tracking (Supplement) and adequate performance using the visible platform as an intra-maze cue thus 
demonstrating a general awareness of surroundings and orientation. Additionally, DAT-tg rats in a previous study 
scored normal in an anxiety paradigm29.
Evidence from our search strategy analysis rather suggests that DAT-tg rats were unable to deploy spatial 
search strategies. Mura and Feldon36, who performed 6-OHDA lesions of the nigrostriatal system, abolishing DA 
signalling, were the first to suggest that excessive thigmotaxis results from an impairment to choose the correct 
strategy to solve the task. More recently a similar conclusion was derived following lesion experiments to the 
dorsomedial striatum37. Consequently, an aberrant striatal DA state may at least partially explain the observed 
learning deficits.
An alternative explanation is given by the observation of DA changes in the DAT-tg rat translating into a stress 
and amphetamine induced repetitive behaviour phenotype29. Pathological repetitive behaviour can be exacer-
bated by specific environmental and psychological triggers, including sensory stimulation frustration, anxiety or 
stress38. As the DAT-tg model has been discussed to represent a model of repetitive phenotypes and the aversive 
environment in the MWM represents a well-known stress inducing factor, the observed thigmotactic swimming 
may alternatively represent a repetitive behaviour. Within the present behavioural scheme we did not observe 
excessive grooming or other types of repetitive behaviour however as it was not systematically assessed its occur-
rence cannot be fully excluded. Such hypothesis thus remains to be further investigated.
Behavioural analysis additionally suggests an inability to acquire spatial reference memory (probe trial 
defects) thus evidence for a hippocampal dependent learning deficit. In line with the literature DA plays an 
important role in the spatial components of learning13,39–41. Such hippocampus-dependent learning is sustained 
by continuous cell rearrangement via adult neurogenesis and the several steps of adult generation of neurons, i.e. 
proliferation, differentiation and functional integration, which have been shown to be modulated by DA signal-
ling. The observed behavioural defect suggests that changes in dopamine homeostasis in the DAT-tg model may 
affect hippocampal adult neurogenesis contributing to the spatial learning deficits. We do not see a reduction in 
proliferation in our model, though we do find a reduced proportion of newly born functional integrated (BrdU+/
NeuN+) neurons, indicative of reduced incorporation of newly generated neurons into hippocampal circuitry 
in DAT-tg rats. An alternative explanation may be a general reduction of mature hippocampal neuronal circuitry 
in DAT-tg rats as a result of continuous DAT overexpression, which yet seems unlikely as prior analysis has not 
found differences in NeuN expressing cells in several brain regions including the hippocampus between DAT-tg 
and control rats29. Further experiments however need to evaluate causality between reduced numbers of newly 
integrated neurons and impaired learning considering that DAT-tg animals displayed lower physical activity in 
the testing situation, which can reduce integration of newly generated neurons42.
Conclusion
Given the important role of DA signalling for the ability to execute proper learning functions, altered DA home-
ostasis, hippocampal structures and disinhibition of the striatum may in combination underlie impaired per-
formance in the DAT-tg rats. DA homeostasis clearly constitutes a critical component of the cellular network 
sub serving information processing per se but may be similarly essential for the proper development of such a 
network during embryogenesis, postnatal or even adult stages.
Materials and Methods
Animals. All animal experiments were carried out in accordance to the European Communities Council 
Directive of 22th September 2010 (2010/63/EU) under protocols approved by the animal ethics committees 
of the Technische Universität Dresden and the Landesdirektion Sachsen. Animals were generated in our lab 
as described elsewhere29. Briefly a construct containing the NSE promoter, murine DAT coding sequence, and 
bovine growth hormone polyadenylation sequence was used for microinjection into the pronucleus of zygotes 
from Sprague-Dawley (SD) Hanover rats (Janvier labs). Transgenics are maintained on SD-background in a con-
tinuous hemizygous x wildtype offspring breeding scheme (>20 generations). Genotypes were verified using 
PCR. Animals were housed in mixed genotype groups of two–four in a 12-h light dark cycle (light on at 06:00 am) 
with food and water ad libitum. All efforts were made to reduce animal suffering and number of animals used.
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Experimental design. Animals were BrdU injected to quantify adult neurogenesis (Fig. 1). Animals were 
habituated to the experimenter during 5-min handling sessions over 3 consecutive days prior to injections. Rats 
were injected with BrdU (50 mg/kg) every 6 hours over a period of eighteen hours (three injections total). The 
majority of adult born neurons die before they mature, the surviving neurons are functionally integrated into 
existing neural circuits within one month43–45. The rate of survival of newborn neurons is regulated by experi-
ences, including hippocampus-dependent learning46,47. As we aimed to assess learning in relation to baseline 
neurogenesis rather than performance-depended hippocampal neurogenesis we chose to start behavioural exper-
iments when labelled neurons are functionally integrated. Thus, testing took place between 4–10 weeks post 
injection, which also represents a time window with a stable number of BrdU-labelled cells45. Animals where 
scarified immediately following the last behavioural experiment and brains processed for post mortem analysis.
Behavioural testing. Testing took place in three parallel batches with distinct test orders. Animals never 
performed more than one test a day and between each behavioural test animals were allowed to rest for 3–5 days 
to reduce stress and support recovery e.g. following weight loss from food deprivation. All behavioural testing 
took place between 10:00 and 16:00 h. Experimenters were blind to the genotype of the rats during all experi-
mental sessions. If not otherwise stated all behavioural data were collected using EthoVisionXT video tracking 
equipment and software (Noldus Information Technology) at a rate of 5 frames per second. Learning was assessed 
using the Morris water maze, radial arm maze and discrimination reversal. Open field analysis, novel object 
recognition and sucrose consumption tests were included to assess factors that may interfere with learning per-
formance such as locomotion, anxiety, novelty response and taste perception.
The Morris water maze. Hidden platform test was used to investigate spatial learning and memory. A pool 
(diameter 1.6 m) was positioned in a room with distal cues visible to the swimming animal. Water in the pool 
was maintained at 24 °C (±1 °C), filled to a depth of 33 cm and made opaque by non-toxic white paint. A small 
platform (14 × 14 cm) was hidden 1 cm beneath the water surface. For analysis, the pool was divided into four 
quadrants (northwest (NW), southwest (SW), northeast (NE) and southeast (SE)) with the platform being located 
in NW over all acquisition trials (Fig. 2a). Rats accomplished four trials per day with a 60 s trial limit, in which 
they had to find the platform followed by a 5 s resting period (on platform) before being removed (inter-trial 
interval (ITI) of 15 min). Acquisition trials lasted for 4 days, i.e. leading to 16 trials in total. Each day rats were 
released at four different starting positions randomized over days. If a rat failed to find the platform within the 
time limit on the first trial on the first day, it was led to the platform. On the fifth day, a 60 s probe trial was per-
formed from a novel start position with the platform removed. Latency (time required to find the hidden plat-
form), mean velocity (swimming speed) and path length (length of path swum by the animal in one trial) were 
recorded. Acquisition trials were further analysed to identify differential search strategies according to previously 
described methods31. Seven main search strategies were identified ranging from thigmotactic behaviour (rats 
swimming predominantly close to the wall) to non-spatial strategies (i.e. scanning) to proper spatial strategies 
(i.e. swimming directly to the platform). During the probe trial, time spent in the former target quadrant and 
former platform crossings were recorded.
As a control condition, frequently used in the MWM, cued platform trials were performed with a set of ani-
mal’s naïve to the spatial version of the MWM. Cued trials require identical basic prerequisites such as vision, 
motor performance (swimming, climbing onto the platform) and motivation to escape as spatial trials. Each 
animal performed one trial with a 60 s trial limit where the platform was placed 1 cm above the water within the 
SE quadrant and marked with a balloon hanging 10 cm above the platform.
Discrimination Reversal. was assessed in a T-maze filled with water maintained at 25 °C (±1 °C), with a hidden 
platform (15.5 × 15.5 cm) in one of the arms. On the first day (position discrimination) rats were trained to acquire 
left-right position discrimination with the platform consistently positioned in one of the arms. Rats were allowed 
to choose between arms. Once entered an arm, a door was lowered. If the correct arm was chosen, the rat was 
allowed to remain on the platform for 5 s, if the wrong one was chosen, the rat was confined to the arm for 5 s. 
Training continued with a 10 s inter-trial interval until a criterion of five consecutive correct trials was reached 
within a maximum of 25 trials. On the next day (reversal), rats were first retrained until criterion on the position 
discrimination of the first day was reached, and then trained until reaching the criterion on the reversal of this 
discrimination, i.e. with the platform located in the opposite arm. The number of trials to reach the criterion was 
recorded for both sessions.
Radial arm maze. Starting two days before RAM the animals were restricted to approximately 20 g of rat chow 
per day. The rat’s weight was monitored daily to ensure that their health was maintained. An endpoint of 20% 
weight loss was established; which was not reached thus no animals had to be removed from the study. The RAM 
apparatus was elevated 65 cm above the floor, consisted of a central platform (47 cm diameter) with eight arms 
(40 × 15 cm) radiating from it. The apparatus was positioned in a room with distal cues on the walls visible to the 
animal. One day prior to testing, the baits used (Choco Krispies, KELLOG) were presented to the animals in their 
home cage. On day 1 to day 3, animals were allowed to explore the maze freely for 10 min or until consuming 
the baits hidden in the wells at the end of each arm. On day 4 to day 8, three of the arms were baited, randomly 
assigned but consistent for each animal over all trials. Again, animals were removed after 10 min or after finding 
all hidden baits. Training took place twice a day. The time spend in the maze, entered arms and the order of entry 
were recorded, including reference memory errors, i.e. entry into a non-baited arm, and working memory error, 
i.e. entry into a previously visited arm.
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Open-field. An adjusted version was conducted to measure general locomotor activity and anxiety. The arena 
consisted of a square open-field box (70 × 70 × 40 cm) constructed of grey PVC plastic and evenly illuminated. 
On the first day the box was used as a platform (standing on its walls) placed elevated 1 m above the floor. The 
platform was covered with tissue to prevent slipping. Animals were released in the middle of the platform to 
explore freely for 10 mins. On the second day, the same box was used now placed on a table with the surrounding 
walls up. The animals were released in the middle and again, allowed to explore for 10 min. The arena was cleaned 
with 70% EtOH between each rat. A camera was positioned over the arena and behaviour was recorded. For both 
sessions, open-field (OF) and open-platform (OP), a square of 20 × 20 cm in the middle of the arena was desig-
nated as the centre and time spent in border and centre zone was analysed. Additionally, distance travelled and 
velocity were recorded.
The novel object recognition. test was used to evaluate the rat’s ability to recognize a novel object in the environ-
ment without positive or negative reinforcers thereby assessing the natural preference for novelty displayed by the 
animals48. The task procedure consisted of three phases: habituation, familiarization, and test phase. Open-field 
analysis were conducted the day before NOR, and thereby considered as habituation to the test environment49. 
During familiarization, two objects (A + A′) different in colour and size were placed in the OF arena on opposite 
corners with a distance of 20 cm from the walls. Animals were released in the middle of the box facing the oppo-
site wall and could familiarize with the objects for 5 min. After a 24 h retention interval, the animals returned to 
the arena, were now one object was familiar (A) and the other object was replaced with a novel object, again dif-
ferent in form and colour (B). During the test phase animals were allowed to explore for 5 min. All stimuli con-
sisted of objects made of glass, porcelain, or glazed ceramic and were cleaned with 70% EtOH between each rat. A 
video camera was positioned over the arena and familiarization and test phases were videotaped for analysis. Time 
spent exploring each object was measured by two blinded experimenters (within-session inter-rater reliability was 
moderate r = 0.752, p < 0.001, range: 0.703–0.840). Exploration was defined as sniffing or touching the object in a 
radius of 0 to 4 cm with its nose. Climbing and sitting on the object and touching it with the body was not consid-
ered exploration. Animals lacking exploration activity i.e. did not spend a minimum of 7 s exploring either object 
during familiarization phase (9 animals all DAT-tg), were excluded from analysis50. The main dependent measure 
the Discrimination Index was calculated from the exploration time T  as T T T TDI ( )/( )B A B A= − +  based on the 
5 min of the test phase, averaged over two independent assessors. Further distance travelled and velocity was 
analysed.
Sucrose consumption test (SCT). assesses an animals’ response to a stimulus that should be perceived as reward-
ing. Rats were habituated to single cages and bottles containing sweetened condensed milk (Milchmädchencreme, 
Nestle; 1:3 mix with water) for 30 min each, 48 h and 24 h before testing, respectively. Following food restriction 
(15 g food/rat/24 h) rats were exposed to the sweetened bottles in single cages for 10 min. Bottles were weighed 
before and after the test session and the amount of liquid consumed was normalized to each animal’s mean body 
weight, measured over the three consecutive days.
Post mortem neurobiological assessment. Tissue collection. Rats were transcardially perfused, 
brains removed and post-fixed overnight in 4% paraformaldehyde. 40 µm coronal sections were cut on a freezing 
microtome and a series of every sixth section was used for respective analysis.
Immunohistochemistry. Staining were carried out using standard protocols on free-floating sections. Sections for 
BrdU staining were pre-treatment with 2 N HCl for 30 min at 37 °C. Multiple washes in phosphate-buffered saline 
were performed between all further steps. After blocking with 10% donkey serum containing 0.2% Triton X-100, 
sections were incubated overnight with primary antibodies (for BrdU: rat anti-BrdU, AbD Serotec OBT0030, 
Cambridge, United Kingdom, 1:500; for NeuN: mouse anti-NeuN, Millipore, MAB377, 1:500; for Ki-67+: 
NCL-Ki67p, Novocastra Laboratories, Newcastle upon Tyne, UK, 1:500) in blocking solution containing 3% 
donkey serum and 0.2% Triton X-100. Ki67 and BrdU samples were detected with anti-rat or anti-rabbit-biotin 
coupled secondary antibodies (both 1:500; Dianova) together with the horseradish peroxidase-coupled ABC 
Elite system (Vector Laboratories, USA) and visualized with 3,3′-diaminobenzidine (Sigma) and 0.04% NiCl 
as the chromogen before counting under a light microscope. BrdU/NeuN double-labelled samples were 
detected with fluorescent secondary antibodies (donkey anti-rat Alexa Fluor 488, donkey anti-mouse Cy3 
and donkey anti-rabbit Alexa Fluor 647; Jackson ImmunoResearch, UK), the nuclei counterstained with 
4′,6-diamidino-2-phenylindole, and then visualized for counting using an ApoTome fluorescence microscope 
(Zeiss, Germany) with Optical Sectioning mode (Structured Illumination Microscopy). Sampling of labelled cells 
was done exhaustively throughout the GCL in its rostro-caudal extension. A simplified version of the optical 
fractionator principle was used where labelled cells were categorized according to their localization in the dentate 
gyrus and counted except for cells in the uppermost focal plane to avoid oversampling at the cutting surfaces51. 
The resulting number was than multiplied by 6 (because every sixth section had been used) to give an estimate 
of the total number of positive cells. All counts were carried out with the experimenter blind to the experimental 
group.
Statistical analysis. Group differences were tested using two-tailed t-tests or nonparametric Mann- 
Whitney-U test when applicable. Repeated measures ANOVA models were used for variables taken repetitively 
on the same animal, such as trial or day, as within-subject factors. Main effects were Bonferroni adjusted, if appli-
cable the Greenhouse–Geisser adjustment was used to correct for violations of sphericity, post-hoc tests applied 
Bonferroni correction (SPSS; IBM Corp. Released 2013, IBM SPSS Statistics for Windows, and Version 22.0. 
Armonk, NY: IBM Corp). The probability level of p < 0.05 was considered as statistically significant. Data are 
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presented as mean ± SEM. For statistical analyses of the effect of genotype on search strategy, we used binomial 
(logit) mixed-effects models (glmer, package: lme4; R 3.4.3 (https://www.r-project.org/)) predicting strategy prob-
abilities (0 vs.1) for genotypes (0.5 = het vs. −0.5 = wt). A maximum random effects structure was used52. From 
the model odds ratios were calculated to compare the chance of using divergent strategies between genotypes.
Data Sharing
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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Non-invasive modulation reduces
repetitive behavior in a rat model through
the sensorimotor cortico-striatal circuit
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Abstract
Involuntary movements as seen in repetitive disorders such as Tourette Syndrome (TS) results from cortical
hyperexcitability that arise due to striato-thalamo-cortical circuit (STC) imbalance. Transcranial direct current
stimulation (tDCS) is a stimulation procedure that changes cortical excitability, yet its relevance in repetitive disorders
such as TS remains largely unexplored. Here, we employed the dopamine transporter-overexpressing (DAT-tg) rat
model to investigate behavioral and neurobiological effects of frontal tDCS. The outcome of tDCS was pathology
dependent, as anodal tDCS decreased repetitive behavior in the DAT-tg rats yet increased it in wild-type (wt) rats.
Extensive deep brain stimulation (DBS) application and computational modeling assigned the response in DAT-tg rats
to the sensorimotor pathway. Neurobiological assessment revealed cortical activity changes and increase in striatal
inhibitory properties in the DAT-tg rats. Our ﬁndings show that tDCS reduces repetitive behavior in the DAT-tg rat
through modulation of the sensorimotor STC circuit. This sets the stage for further investigating the usage of tDCS in
repetitive disorders such as TS.
Introduction
Repetitive symptoms as observed in among others
Tourette Syndrome (TS) can in severe cases hinder social
and professional development1, 2. The pathology under-
lying the manifestation of repetitive symptomatology
remains inconclusive, yet vast evidence points to an
imbalanced striato-thalamo-cortical circuit (STC), where
a combined action of dopaminergic hyperresponsivity and
striatal disinhibition results in cortical hyperexcitability
and ultimately impaired movement control3–7.
Current drug therapies, especially those applied for
repetitive symptoms seen in TS, lack precision, which may
account for their inability to provide sufﬁcient and
enduring symptom relief. One treatment strategy allowing
for focal intervention is deep brain stimulation (DBS) in
which electrical stimulation is delivered directly to
pathology-relevant brain areas through implanted elec-
trodes8. DBS has already been applied to several brain
structures within the STC circuit to reduce repetitive
behavior as seen in TS9–12. However, despite positive
results, its invasive nature hinders a general application
and is therefore mostly considered for only severely
affected adult patients13, 14. To increase the treatment
options for repetitive disorders, there is the need for more
subtle strategies suitable for a broader patient group.
Transcranial direct current stimulation (tDCS) is a non-
invasive, safe and well-tolerated strategy that modulates
cortical excitability through application of weak electrical
current. The effect on excitability depends on stimulation
polarity, with cathodal stimulation decreasing and anodal
© The Author(s) 2017
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stimulation increasing membrane excitability at the
macroscopic level15–21. Beyond acute effects, prolonged
stimulation results in neuroplastic after effects, which
share some similarities with long-term potentiation and
depression15, 17, 22. tDCS has already been applied in
depression23, chronic pain24 and schizophrenia25, 26 with
so far largely positive results. Only one study documents
the usage of cathodal tDCS as a mean to reduce cortical
hyperexcitability and thus repetitive behavior in TS27.
Results seem promising, yet a thorough evaluation of its
therapeutic relevance in repetitive disorders is missing.
Still outstanding is an investigation on the preferable
current intensity and stimulation polarity for repetitive
pathology and subsequent symptoms. Obviously, such in-
depth assessment is clinically challenging, yet is overcome
preclinically by employing validated animal models.
The dopamine transporter-overexpressing (DAT-tg) rat
model exhibits multiple neurobiological abnormalities
considered to underlie repetitive disorders, including TS.
Apart from far-reaching dopaminergic alterations, these
include decrease in striatal GABAergic PV+ expressing
interneurons and increased c-fos levels in cortical areas,
demonstrating the existence of an imbalanced STC circuit
in this model also seen in TS. On a behavioral level,
DAT-tg rats display amphetamine sensitivity and sub-
sequent repetitive behavior that speciﬁcally responds to
TS-drug treatment, i.e. administration of the α2 adre-
nergic and imidazoline receptor agonist clonidine. The
occurrence of repetitive behavior in the DAT-tg rat is time
locked, which allows for evaluation of therapeutic inter-
ventions when behavioral manifestation is proven to be
most prominent28.
In this study, we sought to investigate the effects of
frontal tDCS on repetitive behavior in the DAT-tg rat.
Combining extensive DBS application alongside compu-
tational modeling of current spread we sought to identify
the sub-circuitry involved in the therapeutic response.
Finally, neurobiological assessment of the most ther-
apeutically potent tDCS application enabled mechanistic
insight into cortical activity patterns, neurotransmitter
levels and inhibitory properties of the striatum. Taken
together, our study provides a thorough investigation into




Experiments were performed in accordance to the
European Communities Council Directive of 22 Septem-
ber 2010 (2010/63/EU) after approval by the local ethics
committees (Senate of Berlin, Regierungspräsidium
Dresden). Experiments were conducted on male Wistar
DAT-tg rats (n= 38) and their respective littermate con-
trols (wild types (wt) (n= 37) with a Sprague Dawley
background once they reached postnatal day (PND)
>9028. Following surgery, animals were single housed in a
12 h light/dark cycle (light on at 06:00 am) with food and
water ad libitum. All efforts were made to reduce animal
suffering and number of animals used.
Experimental design
In this study, the experimental groups consisted of
subjects randomly allocated to the tDCS or DBS groups,
prior to surgeries. Animals ordained to receive tDCS
following surgery were subdivided into the tDCS group
(DAT-tg, n= 9,wt n= 7) and an overall control group
(DAT-tg, n= 8,wt n= 8). Common for all animals was the
implementation of an epicranial electrode, surgically ﬁxed
onto the scull over the frontal cortex, through which
tDCS/sham stimulation was applied. Animals ordained to
receive DBS were subdivided into three groups (groups
1–3) prior to surgery and subsequently implanted bilat-
erally with monopolar electrodes into cortical and sub-
cortical areas of the STC circuit. These included the
orbitofrontal cortex (OFC) and caudate putamen (CPu)
(group 1) (DAT-tg, n= 8,wt n= 8), the medial prefrontal
cortex (mPFC) (group 2) (DAT-tg, n= 8,wt n= 8) or the
primary motor cortex (M1) and thalamus (Thal) (group 3)
(DAT-tg, n= 5,wt n= 6). All animals recovered for 1 week
after surgery before starting experiments. Animals in the
tDCS group received either sham, cathodal (100 or 200
µA) or anodal (100, 200 or 300 µA) stimulation. Animals
in the DBS group (groups 1–3) received either sham, high
(130 Hz) or low (10 Hz) frequency stimulation in the
respective brain areas. Animals in the control group only
received sham stimulation (see SI, Table S1 for overview
of group speciﬁcs and number of animals). The repetitive
behavioral paradigm described by Hadar et al.28 was
employed to study the effect of tDCS and DBS on beha-
vior. Stimulation was applied in the beginning of the
paradigm and subsequent behavior was assessed during
the stereotypy phase. Experiments were conducted in a
crossover design and different types of stimulation were
applied in a randomized fashion over the course of the
experiment. Animals could rest for 1 week in between
stimulation. Rats in the control group, receiving sham
stimulation, only went through the behavioral paradigm
once. These rats served as an overall control group for
later neurobiological assessment. For ﬁnalization of the
experiment, animals were stimulated with the most
therapeutic-relevant stimulation settings as assessed by
behavioral analysis. As such, animals in the tDCS group
received anodal 200 µA stimulation. Following the ﬁnali-
zation of the last experimental round, animals were
immediately sacriﬁced and brains were snap frozen for
later post mortem neurobiological assessment. Compu-
tational modeling was constructed to investigate the
electrical current spread mediated by tDCS. The
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investigators who run the analysis were blind to the group
allocation as well as when analyzing the data. More details
are included in the supplementary information.
Surgery
Animals went through surgery after reaching PND 90
(body weight of >280 g). Animals were handled 3–4 days
prior to surgery. Surgery was performed under sub-
cutaneous (s.c.) general anesthesia: fentanyl (0.005mg/
kg), midazolam (2 mg/kg) and medetomidine dihy-
drochloride (0.135 mg/kg). The scull was ﬁxed in a ste-
reotactic frame and bregma was exposed. For animals in
the tDCS and control group, an epicranial electrode (2.1
mm diameter) composed of a tubular plastic jacket was
placed over the left frontal cortex (AP +3.2; ML1.5) and
ﬁxed using glass inomer cement (Ketac Cem; ESPE Dental
AG, Seefeld, Germany). For DBS application, monopolar
electrodes (0.5 mm, MS303-6-AIU, Plastics One Inc.,
USA) were implanted bilaterally into the OFC (AP +3.7;
ML +2.4; DV –3.3), CPu (AP +1.5; ML +1.5; DV –4.0),
mPFC (AP +3.5; ML +0.6; DV –3.4), M1 (AP+ 1.5; ML
+2.7; DV –1.5) and Thal (AP –4.1; ML +1.3; DV –6.4).
Anchor screws were drilled into the scull for ﬁxation and
the individual ground electrode from each DBS electrode
was wrapped around the closest screw and ﬁxed with
dental cement (Technovit, Heraeus Kulzer GmbH,
Wehrheim, Germany). All coordinates were in accordance
to Paxinos rat brain atlas29. Upon completion of surgery,
anesthesia was antagonized by a cocktail of naloxone
(0.12 mg/kg), ﬂumazenil (0.2 mg/kg) and antipamzol
(0.75 mg/kg). Analgesia (meloxicam: 0.2 mg/kg, s.c.) was
given for 3 days following surgery.
Repetitive behavior paradigm
As identiﬁed by Hadar et al.,28 DAT-tg rats display a
time-locked induction of repetitive behavior following
the injection of amphetamine. In this experiment, ani-
mals were injected with amphetamine (2.0 mg/kg, i.p.,
dissolved in 0.9% saline at a volume of 1.0 ml/kg, Sigma
Aldrich, Germany) and thereafter immediately subjected
to stimulation (either tDCS or DBS). Animals in the DBS
group received 60 min of stimulation. Cables were
removed following DBS application and the animals
could move freely for additional 60 min. Animals in the
tDCS conditions received 30 min of tDCS or sham sti-
mulation, respectively. Cables and jackets were removed
following tDCS application and the animals could move
freely for an additional 90 min (See SI, Figure S1).
Behavior was recorded via web cameras throughout the
paradigm. The occurrence of repetitive behavior (oral
stereotopy or head movements) was later analyzed dur-
ing the stereotopy phase (90–120 min following injec-
tion) by a blinded observer using the scoring protocol of
Hadar et al.28
tDCS application
For delivery of tDCS, the epicranial electrode was ﬁlled
with saline (0.9%) (contact area of 3.5 cm2) after which a
gold pin was inserted for stimulation application. A
counter electrode (8 cm2; From Physiomed Elek-
tromedizin AG, Schnaittach, Germany) was placed onto
the thorax together with electroencephalography (EEG)
conducting crème (GVB-geliMED KG, Germany) and
kept in place by a jacket30, 31. Animals were exposed to
either 30 min anodal (100, 200 or 300 µA), cathodal (100
or 200 µA) or sham stimulation in the beginning of the
repetitive behavioral paradigm. Both cathodal and anodal
stimulation were applied by a computer-interfaced cur-
rent generator (STG4008 Multi Channel System GmbH
Reutlingen, Germany). The current strength was ramped
for 10 s to prevent abrupt interruption and stimulation
break effects. For sham stimulation, animals were con-
nected to the system, yet no current was ﬂowing.
DBS application
DBS was applied as biphasic 100 μs pulses with either a
current intensity of 150 μA and frequency of 130 Hz (high
frequency) or with a current intensity of 300 μA and fre-
quency of 10 Hz (low frequency). Stimulation was con-
trolled by the STG4008 Multi Channel System GmbH
Reutlingen, Germany. At 1 day prior to testing, DBS or
sham stimulation was performed twice for 1 h (morning
and afternoon). On testing day, animals were subjected to
60min of either high- or low-frequency stimulation in the
respective areas during the beginning of the behavioral
paradigm. Sham stimulation was applied in an identical
fashion yet no current was ﬂowing.
Post mortem neurobiological assessment
Decapitation and snap freeze
Animals were immediately sacriﬁced following ﬁnali-
zation of the experiment. Brains were extracted within
less than 20 s, snap frozen for 2 min in methylbutane
cooled with liquid nitrogen to a temperature of −40 °C
and then stored at −80 °C until required. Next to elec-
trode localization, frozen coronal sections of 1 or 0.5 mm
were cut on a cryostate (see Table S2 for coordinates).
High-performance liquid chromatography (HPLC)
Tissue samples were taken via micropunches of 1 mm
diameter and were homogenized by ultrasonication in
250 µl (per punch) 0.1 N perchloric acid at 4 °C. Then,
100 µl of the homogenate was added to equal volumes of
1N sodium hydroxide for measurement of protein con-
tent. The remaining homogenate was centrifuged at
13,000 g and 4 °C for 15min. The supernatant was added
to equal volumes (20 µl) of 0.5M borate buffer and stored
at −80 °C for subsequent analyses of amino acids. The
remaining supernatant was used for immediate
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measurement of monoamines. Monoamine levels (3,4-
dihydroxyphenylacetic acid (DOPAC) and dopamine
(DA)) were measured by HPLC with electrochemical
detection as previously described32, 33.
Quantitative polymerase chain reaction (qPCR)
Tissue samples from the left hemisphere were taken via
micropunches of 1 mm diameter from the mPFC, M1 and
OFC. Further tissue samples were taken in the same way
from both hemispheres from the CPu. Tissue was
homogenized by ultrasonication in the buffer provided by
the NucleoSpin RNA/Protein-Kit (Machery-Nagel,
Düven, Germany). The total RNA and protein was
extracted as recommended in its user manual. RNA
concentrations were determined using a Nanodrop
Spectrophotometer (peqlab). cDNA was synthesized using
the High Capacity RNA-to-cDNA Kit (Lifetechnologies).
TaqMan qPCR was performed with StepOne Real-Time
PCR System (Lifetechnologies) using TaqMan fast
advanced master mix (Lifetechnologies). The following
TaqMan Gene Expression assays (Lifetechnologies) were
used: Pvalb Assay (Rn00574541_m1) and c-Fos Assay
(Mm00487425_m1). CT values were normalized to the
housekeeping gene GFAP (Rn01253033_m1). Fold change
was calculated using the ∆∆CT method.
Electrode localization
At the respective coordinates, brains were sliced into 20
mm coronal sections and Nissl-stained for light micro-
scopic inspection of electrode tip placements as pre-
viously explained34–36. One animal with a wrong-
positioned electrode was excluded from the study.
Computational modeling
To determine the effect of various current densities on
the cortex, a state-of-the-art model was constructed from
a magnetic resonance imaging (MRI; 7.0 Tesla70/30
Bruker Biospec) and micro computed tomography scan
(Siemens Inveon) of a template rat head37.
MRI data collection and segmentation
MRI resolution was 0.282 mm, as previously men-
tioned37. The scans were segmented into 9 tissues: skin,
skull, cerebral spinal ﬂuid (CSF), air, gray matter, white
matter, hippocampus, cerebellum and spinal cord. A Rat
Brain Atlas38 was used to identify the hippocampal region
of the brain. Remaining brain regions were appropriately
grouped as either gray or white matter. Manual segmen-
tation was used to generate an initial segmentation of
scalp, skin, CSF, air, gray matter, white matter, hippo-
campus, cerebellum and spinal cord. Tissue continuity
was veriﬁed after segmentation by extensively reviewing
the data. Further manual adjustments were made to
guarantee continuity and improve the segmentation
accuracy to closely match the tissue masks to the real
anatomy of the rodent using ScapIP 7.0 (Simpleware Ltd,
Exeter, UK).
Modeling of tDCS
The tDCS in vivo electrode placement protocol descri-
bed above was modeled in SolidWorks (Dassault Sysemes
Corp. Waltham, MA) and imported into ScanIP for
meshing. The modeled epicranial electrode had a contact
area of 3.5 cm2 and was placed in accordance to coordi-
nates used in the behavioral experiment (AP: +3.2;
ML:1.5). The 1.0 mm diameter gold pin serving as the
anode was placed on the skull inside of the epicranial
electrode. An 8 cm2 cathode was placed on the thorax
with EEG conducting crème as an electrolyte. An adaptive
tetrahedral meshing algorithm was used in ScanIP to
generate meshes of 8× 106 quadratic elements. A Finite
Element Method (FEM) model was created in COMSOL
Multiphysics 4.3 (COMSOL, Inc., Burlington, MA) using
the mesh mentioned above. The model was created using
electrostatic volume conductor physics with material
conductivities deﬁned as follows (in S/m): skin, 0.465;
skull, 0.01; CSF, 1.65; air, 1e−15; spinal cord, 0.126; gray
matter, 0.276; white matter, 0.126; hippocampus, 0.126;
cerebellum, 0.276; dental cement, 1e−15; electrode jacket,
1e−15; saline, 1.4; and electrode, 5.99e7. Conductivity
values were taken from a combination of in vitro and
in vivo measurements39, 40. Current boundaries were
applied to simulate direct current stimulation, and inter-
nal boundaries between tissues were assigned the con-
tinuity condition (n * (J1−J2)= 0), and the Laplace
equation (∇ ∗ (σ∇V)= 0) was solved. The surface of the
cathode was grounded (V= 0) while the surface of the
anode had a current density of 3.252e−4 A/m2. All other
exterior surfaces were electrically insulated. Brain current
density data were collected from the left cortical hemi-
sphere above the corpus callosum and averaged for ana-
lysis. High-resolution models predicted the concentration
and distribution of brain current density for the in vivo
rodent model using the electrode montage.
Statistics
Sample size was chosen based on the convention that
for behavioral experiments n of 8–10 ensures adequate
power to detect a prespeciﬁed effect size and on our
previous experience with the chosen methods28. Inclusion
criterion was the complete endurance of the neuromo-
dulation period. This criterion is an integral part of the
study objectives and design as it was designed to study
DBS as a preventive avenue. Exclusion criterion for out-
liers was +/−2 standard deviations of the means. Beha-
vioral analysis was performed using a one-way analysis of
variance (ANOVA) repeated measure with Treatment as
variables. Post-hoc tests utilized the Holm–Sidak for
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multiple comparisons. Neurobiological analysis for HPLC
was performed using a two-Way ANOVA with treatment
(sham, tDCS and DBS) and phenotype (DAT-tg vs. wt) as
variables. Analysis of qPCR data was conducted following
normalization to sham stimulation, with a one-way
ANOVA used for c-fos analysis and a non-parametric
Mann–Whitney test employed for parvalbumin (PV)
analysis. Statistical signiﬁcance was set at p< 0.05. Results
are expressed as mean± s.e.m. The experiment shown
was replicated once in our lab.
Results
Behavioral effects
The after-effect of tDCS (anodal and cathodal) on
behavior was assessed during the stereotypy phase of a
repetitive paradigm28. In DAT-tg rats, one-way repeated
measure analysis of variance (rmANOVA) tDCS effects
on behavior in relation to sham revealed a signiﬁcant
effect for treatment (F5,33= 2.727, p= 0.036), with a fur-
ther post-hoc test showing that frontal anodal tDCS at
200 µA signiﬁcantly reduced oral stereotypy when com-
pared to sham stimulation (p= 0.012) (Fig. 1a). In wt rats,
one-way rmANOVA showed a signiﬁcant effect for the
factor treatment (F5,28= 3.388, p= 0.016), with anodal
tDCS at 200 µA signiﬁcantly increasing head movements
in comparison to sham stimulation (p= 0.015) (Fig. 1b),
whereas no effect of either anodal or cathodal tDCS was
seen on oral stereotypy (data not shown). The effect of
high- and low-frequency DBS was assessed following the
application to several cortical and subcortical structures.
In DAT-tg rats, one-way rmANOVA showed a signiﬁcant
Fig. 1 The effects of tDCS and DBS on repetitive behavior. a tDCS (anodal/cathodal at 100 , 200 or 300 µA) effects on the occurrence of oral
stereotypy in the DAT-tg rats in relation to sham stimulation. b Effect of tDCS (anodal/cathodal at 100 , 200 or 300 µA) on the occurrence of head
movements in the wt rats in relation to sham stimulation. c Low- and high-frequency DBS (mPFC, OFC, M1, Thal and CPu) effects on the occurrence
of oral stereotypy in the DAT-tg rats in relation to sham stimulation. d Low- and high-frequency DBS (mPFC, OFC, M1, Thal and CPu) effects on the
occurrence of oral stereotypy in the wt rats in relation to sham. wt wild-type rats, DAT-tg dopamine transporter-overexpressing rats, mPFC medial
prefrontal cortex, OFC orbitofrontal cortex, M1 primary motor cortex, Thal thalamus, CPu caudate putamen. All data are given as mean ± s.e.m.
Asterisks (*) indicate signiﬁcant differences between stimulation conditions with p < 0.05
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effect for treatment (F10,51= 4.112, p< 0.001), as oral
stereotypy signiﬁcantly decreased following high-
frequency DBS to the CPu (p= 0.001) and M1 (p=
0.019) in comparison to sham stimulation. In contrast, no
effect was found following DBS to the mPFC, OFC or
thalamus (thal) at either low- or high-frequency stimula-
tion (Fig. 1c). In wt rats, a signiﬁcant effect was found for
the factor treatment (F10,54= 4.102, p< 0.001), with an
increase in oral stereotypy seen after high-frequency DBS
to the OFC (p= 0.001) and CPu (p= 0.026) in compar-
ison to sham stimulation. No effect was seen following
DBS to the mPFC, M1 or thal at either low- or high-
frequency stimulation (Fig. 1d).
Activity measures
The current density resulting from anodal tDCS at 200
µA was predicted by computational modeling. Current
density distribution following anodal tDCS for the in vivo
rodent model is shown in Fig. 2c. Results show a promi-
nent peak of both average current density and average
power dissipation approximately 1.5 mm anterior to
bregma (average current density 1,18825E–06; average
power dissipation 2,0979E–11) (Fig. 2a, b). Analysis of c-
fos mRNA expression levels was conducted to quantify
cortical activity pattern following effective tDCS in rela-
tion to sham stimulation. A one-way ANOVA showed a
signiﬁcant difference in the mPFC, (F1,13= 7.732,
Fig. 2 A realistic high-resolution MRI-based rat computational model and predicted average current density and power dissipation.
a Illustration of render of bone generated from images and segmented for the FEM model. b Electrode positioning on the entire model with
transparent skeleton, brain, spines and electrodes. The red pellet-shaped anode electrode and blue cathode electrode are positioned as
aforementioned. c Uniformly seeded streamlines from the top surface of the anode electrode that were proportional to the logarithm of current
density magnitude. Trajectories of the streamlines predict direct current ﬂow across different brain tissues. d Predicted current density at the surface
of the brain and a slice view of the distribution showing peak current density during tDCS. Lowest brain current density values are represented in
blue, and greater brain current density values are represented in dark red. e Average current density across the cortex following anodal tDCS.
f Average power dissipation across the cortex following anodal tDCS. The dotted lines in both e, f illustrate the boundary of the electrode in
accordance to bregma
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p= 0.016) and OFC (F1,10= 5.129, p= 0.043) such that
within these areas anodal tDCS at 200 µA signiﬁcantly
increased c-fos mRNA levels in the DAT-tg rats. No
difference in c-fos levels was detected in the wt rats.
(Fig. 3).
Neurobiological assessment
Neurobiological investigations were conducted for
frontal anodal tDCS at 200 µA. HPLC post mortem bio-
chemical analysis was made to investigate the persisting
effect on neurotransmitter levels. Based on previously
proven relevance28, DA levels and DA turnover (DOPAC/
DA) were assessed in the OFC, CPu and NAcc. Looking at
DA levels, two-way ANOVA revealed a signiﬁcant main
effect for phenotype in the OFC (F1,22= 5.270, p= 0.032),
CPu (F1,23= 247.623, p< 0.001) and NAcc (F1,23= 29.285
p< 0.001) with DAT-tg rats generally displaying lower DA
levels in comparison to wt rats (Fig. 4a–c, Table 1). Fur-
ther investigation into DA turnover revealed in the OFC,
CPu and NAcc a signiﬁcant effect for phenotype (OFC:
F1,22= 37.471, p< 0.001; CPu: F1,23= 43.789, p< 0.001;
NAcc: F1,22= 45.293, p< 0.001), with DAT-tg rats show-
ing a higher degree of DA turnover as compared to the wt
rats (Fig. 4d–f, Table 1).
To quantify inhibitory properties of the striatum, a
qPCR on PV mRNA in the CPu was employed. The
Mann–Whitney test revealed a signiﬁcant reduction in PV
mRNA levels following tDCS in the DAT-tg rats as
compared to sham stimulation (Mann–Whitney U=
1.500, p= 0.005). No difference was observed in the wt
rats. (Fig. 5). See Supplementary Information (SI) for
neurobiological assessment and computational modeling
of DBS application.
Discussion
Here, we demonstrate that anodal tDCS applied at 200
µA to the rat frontal cortex signiﬁcantly reduced repetitive
behavior in the DAT-tg rat model. By mathematically
modeling current density distribution and multisite DBS
application, we further show that the tDCS-therapeutic
effects involved a modulation of the sensorimotor STC
circuit.
The cumulative outcome of tDCS relies on several
factors including stimulation intensity, duration and
polarity in combination with the initial neuronal baseline
activity, neurotransmitter proﬁle and target structure
composition41–43. These interacting components all
challenge direct comparisons between studies and
demonstrate the need for speciﬁc assessment of tDCS
effects in a given disorder. Well-controlled studies in
appropriate animal models provide a platform for inves-
tigating interactions between the respective pathology and
stimulation parameters that ultimately will determine the
tDCS procedure needed for therapeutic relief. We found
repetitive behavior to signiﬁcantly decrease in DAT-tg rats
following application of frontal anodal tDCS (200 µA),
whereas the same stimulation type increased it in wt rats.
Higher (300 µA) and lower (100 µA) current intensities
had no effect in either phenotype. In the context of
repetitive behavior, these results demonstrate a polarity-
speciﬁc and non-linear dose dependency of tDCS. DAT-tg
rats display heightened cortical activity levels due to an
underlying hyperresponsive dopaminergic system in
comparison to wt rats28. In line with this, it was previously
shown that alterations in the underlying dopaminergic
state, either pharmacologically induced or due to disease-
related alterations, could modify and even invert the
facilitating effects of tDCS44–48. As the ﬁnal tDCS
response depends on initial cortical activity and under-
lying DA levels, the opposing behavioral outcome
between the two phenotypes further reﬂects a state-
dependent modulation of tDCS. Of note, repetitive
behavior observed in wt rats (i.e., head movements) fol-
lowing tDCS differed from that induced in DAT-tg rats
(oral stereotypy) further corroborating the notion of a
differential modulation mediated by tDCS in the two
phenotypes.
The STC circuit is composed of several topographically
organized pathways that are separately associated with
different aspects of repetitive symptomatology. The
Fig. 3 C-fos expression levels. Figure showing c-fos mRNA
expression levels in the mPFC, OFC and M1 in the DAT-tg and wt rats
following tDCS (anodal, 200 µA) in relation to sham. wt wild-type rats,
DAT-tg dopamine transporter-overexpressing rat, OFC orbitofrontal
cortex, M1 primary motor cortex, tDCS transcranial direct current
stimulation. All data are given as mean ± s.e.m. Asterisks (*) indicate
signiﬁcant difference between stimulation with p < 0.05
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Fig. 4 Dopamine levels. Figure showing dopamine content (µM/g protein) in the a OFC b CPu and c NAcc following sham and tDCS (anodal, 200
µA) and dopamine turnover (DOPAC/DA) (µM/g protein) in the d OFC e CPu and f NAcc following sham and tDCS (anodal, 200 µA). wt: wild-type rats,
DAT-tg dopamine transporter-overexpressing rat, DA dopamine, DOPAC 3,4-Dihydroxyphenylacetic acid, OFC orbitofrontal cortex, CPu caudate
putamen, NAcc nucleus accumbens, tDCS transcranial direct current stimulation. All data are given as mean ± s.e.m. Asterisks (*) indicate signiﬁcant
difference between stimulation protocols, and the symbol (§) indicates signiﬁcant differences between phenotype with p < 0.05
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sensorimotor circuit is considered the site of tic origin,
whereas the limbic and associative circuits are linked to
comorbidity and cognitive deﬁciency49, 50. To further
identify the sub-circuit involved in modulation of repeti-
tive behavior in DAT-tg rats by tDCS, we applied DBS to
several cortical and subcortical areas of the STC circuit.
On a cortical level, repetitive behavior signiﬁcantly
decreased in DAT-tg rats when stimulating the primary
motor cortex (M1). Contrary, repetitive behavior in DAT-
tg rats was not affected when DBS was applied to the
mPFC or OFC. This indicates that modulation of sen-
sorimotor pathways is essential for improving movement
control in DAT-tg rats, a notion that is further corrobo-
rated by our ﬁndings showing that also DBS of the CPu
but not the Thal decreased repetitive behavior in DAT-tg
rats. Of note, DBS modeling identiﬁed maximum current
density to subside especially within the M1 and CPu fol-
lowing high-frequency DBS, indicating elevated suscept-
ibility of these regions to stimulation (see SI, Figure S5).
High-frequency DBS has, as opposed to low-frequency
DBS and sham stimulation, proven capable of modulating
widespread neuronal circuits, which subsequently has
been linked to its therapeutic effect51. In correlation,
repetitive behavior only decreased in DAT-tg rats fol-
lowing high-frequency DBS, whereas the effect of low-
frequency DBS was equivalent to sham stimulation.
Indeed, tic generation has been often linked to abnormal
motor cortex excitability, with a subsequent modulation of
the M1 needed for therapeutic relief27, 52–58. Frontal
anodal tDCS applied in this study ultimately targets
Table 1 Neurotransmitter contents
Region Transmitter Pheno Stim µM/g protein Two-way
ANOVA
DF F-value P-value
DA wt sham 23.185±4.319 Pheno (1,22) 5.27 0.032a
OFC tDCS 15.630±4.731 Stim (1,22) 2.82 0.107
DAT-tg sham 13.034±3.740 Interaction (1,22) 0.0129 0.911
tDCS 6.435±3.999
DOPAC wt sham 0.257±0.266 Pheno (1,21) 37.471 <0.001a
tDCS 0.194±0.291 Stim (1,21) 4.243 0.052
DAT-tg sham 2.353±0.230 Interaction (1,21) 3.328 0.082
tDCS 1.328±0.266
DA wt sham 963.86±52.35 Pheno (1,23) 247.623 <0.001a
CPu tDCS 1002.0±61.95 Stim (1,23) 0.146 0.706
DAT-tg sham 129.65±48.97 Interaction (1,23) 0.105 0.749
tDCS 132.78±52.35
DOPAC wt sham 0.052±0.160 Pheno (1,23) 43.789 <0.001a
tDCS 0.052±0.190 Stim (1,23) 0.497 0.497
DAT-tg sham 1.264±0.150 Interaction (1,23) 0.495 0.495
tDCS 1.035±0.160
DA wt sham 398.19±40.73 Pheno (1,23) 29.285 <0.001a
Nacc tDCS 390.92±48.19 Stim (1,23) 0.0359 0.851
DAT-tg sham 171.01±38.11 Interaction (1,23) 0.00028 0.987
tDCS 162.32±40.74
DOPAC wt sham 0.090±0.038 Pheno (1,22) 45.293 <0.001a
tDCS 0.104±0.045 Stim (1,22) 0.372 0.548
DAT-tg sham 0.354±0.036 Interaction (1,22) 0.072 0.791
tDCS 0.390±0.041
OFCorbitofrontal cortex, NAcc nucleus accumbens
Neurochemical content was examined in the DAT-tg and wt rats following sham and tDCS. Dopamine levels and dopamine turnover were measured in the medial
OFC, NAcc and CPu. Data are presented as mean ± s.e.m. Asterisks (*) indicate signiﬁcant differences between phenotype with p < 0.05
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multiple cortical areas, which hinders the ability to specify
the precise cortical region underlying the therapeutic
response. To further dissect cortical impact of anodal
tDCS, an individualized model of current distribution was
constructed. Despite uniform application, tDCS has shown
to produce a complex spatial pattern of current density
across cortical regions42. Indeed, variation in current
density was found across the cortex, with results revealing
a speciﬁc peak of average current density and power dis-
sipation over the coordinates matching the M1 target, of
which DBS exerted beneﬁcial effects. Together, these
ﬁnding identify the motor cortex as a potential key region
for the therapeutic action of anodal tDCS.
Nevertheless, our data also show that M1 is not the only
cortical structure of relevance to repetitive behavior in
general and tics in particular but that both the OFC and
the mPFC also play a crucial role. Same as frontal anodal
tDCS, DBS applied to the OFC led to repetitive behavior
in wt rats, which underlines the involvement of the OFC
in the occurrence of repetitive behavior59–61. The
mechanism of action leading to this stimulation-induced
behavior in wt rats still remains to be elucidated. Further,
our data on c-Fos mRNA showed persistent activity in the
OFC and mPFC in DAT-tg rats after tDCS, whereas no
change was observed in the wt rats. A major proportion of
TS patients ultimately gain control over symptoms when
approaching adulthood62. The ability to voluntarily sup-
press tics has been linked to adaptive cortical changes, by
which a persistent, increased activity between frontal and
sensorimotor areas ultimately minimizes unwanted
movement execution. As opposed to healthy subjects, this
adaptive cortical interaction is continuously heightened in
TS and persists even during voluntary movement sup-
pression3, 54. In correlation, anodal tDCS has been shown
to induce compensatory cortical activity changes in Par-
kinson’s disease, which has been linked to the symptom
relief mediated by tDCS63, 64. The persistent cortical
activity observed after the end of anodal tDCS in the
DAT-tg rat leaves thought for further investigation into
how cortico–cortical interaction between the frontal and
sensorimotor cortices are modiﬁed by tDCS and thus
ultimately inﬂuences behavior in the DAT-tg rats.
Cortical hyperexcitability is considered a consequence
of underlying striatal disinhibition. In this regard, we
observed that CPu-DBS reduces repetitive behavior in
DAT-tg rats and increases it in wt rats. DBS is regarded as
being capable to induce functional inhibition of the sti-
mulated target, however preclinical studies show that DBS
effects are phenotype dependent and thus rely on the
underlying pathology34, 65–67. Hence, the induction of
repetitive behavior in wt rats following CPu-DBS may
reﬂect striatal silencing shown to drive repetitive beha-
vior, whereas the reduction in the DAT-tg rats indicates
the need for modifying the dysfunctional striatum to
improve symptoms.
Striatal disinhibition in TS is largely believed to origi-
nate from a loss of GABAergic PV+ expression inter-
neurons68, 69. This notion is further corroborated by
animal studies showing that repetitive behavior occurs in
both rodents and primates following striatal lesion but
also selective GABAergic pharmacological inactivation of
the striatum70–72. Identical to TS patients, DAT-tg rats
display a speciﬁc reduction of striatal PV+ expressing
interneurons28. In accordance to the translational
importance of striatal disinhibiton in both TS patients and
DAT-tg rats, we observed a general decrease in PV+
mRNA levels in the striatum following anodal tDCS.
Interestingly, PV+ mRNA expression levels and loss of
PV+ interneurons promote opposing effects on activity
balance, as decrease in mRNA levels enhances whereas
interneuron loss reduces inhibition, respectively73. In
accordance, studies investigating the role of PV+ in
synaptic transmission show that decrease in PV+
expression levels increase short-term facilitation of GABA
release, thus leading to increased inhibition73, 74. This
suggests that modulation of striatal activity properties is
involved in the reduction of repetitive behavior in the
DAT-tg rats. However, more studies are needed on this
matter including the investigation into how tDCS affects
mRNA turnover levels and how this translates into
expression of PV+ striatal interneurons. Of note, a sig-
niﬁcant decrease in striatal PV mRNa levels was also
observed following application of therapeutic M1-DBS in
the DAT-tg rats, indicating a general proﬁciency of
M1 stimulation to affect the CPu (see SI, Figure S4).
Fig. 5 Parvalbumin mRNA levels in the caudate putamen. Figure
showing the Pv+ mRNA expression levels in CPu in the DAT-tg and wt
rats following tDCS (anodal, 200 µA) in relation to wt sham. wt wild-
type rats, DAT-tg dopamine transporter-overexpressing rat, Pv+
parvalbumin, CPu caudate putamen, tDCS transcranial direct current
stimulation, M1 primary motor cortex. All data are given as mean ± s.e.
m. Asterisks (*) indicate signiﬁcant differences between stimulation
protocols with p < 0.05
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Moreover, it has been shown that only anodal tDCS but
not cathodal stimulation of the M1 can modulate sub-
cortical structures of the STC circuit74. Given that we did
not observe improvement in behavior following cathodal
stimulation at any intensity tested, we may speculate that
the therapeutic effect of anodal tDCS at least in part
depends on its ability to affect striatal inhibition reﬂected
in abnormal PV+ control.
The majority of literature supports the hypothesis of a
deregulated DA system in TS pathology. This notion is
supported by clinical ﬁndings as DA antagonists ameliorate
and DA stimulants exacerbate tics, respectively.75, 76 In
line, DAT-tg rats display a general decrease in DA levels
and increase in DA turnover due to DAT overexpression.
Our results show no effect of tDCS on either DA levels or
turnover, indicating that the therapeutic effect of tDCS
goes beyond the dopaminergic system. Of note, therapeutic
DBS led to modulation of the dopaminergic system in the
DAT-tg rats, which correlates with the mechanism of DBS
in TS patients (see SI, Figs. S2–S3 and Table S3)77.
Taken together, we ﬁnd that tDCS reduces repetitive
behavior in the DAT-tg rats presumably through a
restoration of the previously imbalanced sensorimotor STC
circuit. Given the importance of the STC circuit in repe-
titive pathology, this indicates that tDCS may be employed
as stimulation approach to provide symptom relief for
repetitive disorders. From a clinical perspective, the pri-
mary motor cortex is the best-studied brain area with
respect to tDCS application. Based on the initial contra-
dicting line of reasoning, anodal tDCS to the motor cortex
has so far not been assessed as a mean to reduce cortical
excitability for treatment of, for example, TS. Yet, given the
underlying pathology found in repetitive disorders and in
TS, application of anodal tDCS might just have a positive
effect on repetitive behavior as indicated by our ﬁndings.
Our results thus set the stage for further investigation into
the therapeutic application of tDCS in repetitive disorders.
If successful, tDCS would provide a non-invasive and safe
treatment strategy suitable for patients at all age groups.
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1. Experimental setup 
 
Figure S1: Repetitive behavioral paradigm. A timeline of the repetitive behavioral paradigm 
starting from injection of amphetamine (0 min) (2.0mg/kg) to the occurrence of repetitive behavior 
(90-120min, stereotypy phase). Stimulation (sham, tDCS and DBS) was applied in the beginning of 
the paradigm. Behavioral effects were assessed in the stereotypy phase. tDCS: transcranial direct 





















Table S1: Group specifics. Table showing the number of animals in the control, tDCS and DBS 
groups. For tDCS, stimulation was applied over the frontal cortex. Stimulation tested included sham, 
anodal (100µA, 200µA, 300µA) and cathodal (100µA, 200µA) stimulation. Either high or low 
frequency DBS was applied to the OFC and CPu (group 1), the mPFC (group 2) or the M1 and CmPf 
(group 3). For the final testing round, animals were stimulated with the most therapeutic-relevant 
setting as identified by the behavioral assessment. wt: wildtypes, DAT-tg: dopamine transporter 
overexpressing rats, tDCS: transcranial direct current stimulation, DBS: Deep brain stimulation, 
OFC: orbitofrontal cortex, CPu: caudate putamen, mPFC: medial prefrontal cortex, M1: primary 




































Table S2: Neurobiological assessment. Deep brain stimulation (DBS) animals that previously 
underwent behavioral scoring were subjected to DBS settings that elicited the most therapeutic 
behavioral results, i.e. high frequency DBS in either the caudate putamen (CPu) (group 1) or primary 
motor cortex (M1) (group 3) and sacrificed immediately thereafter. Brains were extracted and snap 
frozen for same post mortem assessment as animals in the transcranial direct current stimulation 
(tDCS) and sham groups. Table shows coordinates for coronal sections in accordance to bregma in 
mm anterior-posterior. For HPLC and qPCR quantification, animals from the following groups were 
used: sham, tDCS, group 1 (CPu) and group 3 (M1). Coordinates are in accordance to Paxinos & 
Watson brain atlas (1997). OFC: orbitofrontal cortex; NAcc: nucleus accumbens; mPFC: medial 


































Figure S2: Dopamine levels. Figure showing dopamine content (µM/g protein) in the a) orbitofrontal 
cortex (OFC) b) caudate putamen (CPu) and c) nucleus accumbens (Nacc) following sham and high 
frequency deep brain stimulation (HF-DBS) to the primary motor cortex (M1) and CPu. In the OFC, 
a two-way ANOVA revealed a significant interaction (F(2,28)=4.807, p=0.016) with a further post-
hoc showing significant difference in dopamine (DA) levels between sham and M1-DBS (a). In the 
CPu, a main effect was found for phenotype (F(1,29)=69,995 p<0.001) with dopamine transporter 
overexpressing rat (DAT-tg) rats displaying decreased DA levels in comparison to wildtype rats (wt) 
rats (b). In the Nacc, a significant main effect for phenotype (F(1,28)=19.329 p<0.001) and treatment 
(F(2,28)=4,825 p=0.016) with the lowest level of DA levels seen in the DAT-tg rats (c). All data are 
given as mean ± s.e.m. Asterisks (*) indicates significant difference between stimulation protocols, 


































Figure S3: Dopamine turnover. Figure showing dopamine turnover (DOPAC/DA) (µM/g protein) 
in the a) orbitofrontal cortex (OFC) b) caudate putamen (CPu) and c) nucleus accumbens (Nacc) 
following sham and high frequency deep brain stimulation (HF-DBS) to the primary motor cortex 
(M1) and caudate putamen (CPu). In both the OFC, CPu and Nacc a significant main effect was found 
for phenotype (OFC, F(1,26)=16.837, p <0.001); CPu, F(1,29)=34.158 p<0.001; Nacc, 
F(1,27)=25.419 p<0.001), treatment (OFC, F(2,26)=7.302, p=0.003; CPu, F (2,29)=7.138 p=0.003; 
Nacc, F(2,27)=5.921 p=0.007) and interaction (OFC, F(2,26)=8.004, p=0.002; CPu, F(2,29)=6.708 
p=0.004; Nacc, F (2,27)=3.841 p=0.034) with further post-hoc tests revealing significant differences 
in dopamine turnover following M1-DBS and CPu-DBS in the dopamine transporter overexpressing 
rat (DAT-tg) rats as compared to sham stimulation. All data are given as mean ± s.e.m. Asterisks (*) 
indicates significant difference between stimulation protocols, paragraph (§) indicates significant 
difference between phenotype with p < 0.05. 
  
 
Table S3: Neurotransmitter content. Table summarizes neurochemical results. Neurochemical 
content was examined in the dopamine transporter overexpressing rat (DAT-tg) and wildetype (wt) 
rats following sham and deep brain stimulation (DBS) when applied to the caudate putamen (CPu) 
and primary motor cortex (M1). Dopamine levels and dopamine turnover were measured in the 





                               
 
Figure S4: Pv+ levels in the caudate putamen. Figure showing the parvalbumin (Pv+) mRNA 
expression levels in caudate putamen (CPu) in the dopamine transporter overexpressing rat (DAT-tg) 
and wildetype (wt) rats following sham and deep brain stimulation (DBS) when applied to the CPu 
and primary motor cortex (M1). Following quantification of mRNA levels in the CPu, a Kruskal-
Wallis One-Way analysis revealed a significant difference in PV+ expression levels between DBS-
M1 relative to sham in both DAT-tg (H(2)= 9.692, p=0.008) and wt rats (H(2)= 9.038, p= 0.011). No 
significant difference was found following CPu-DBS relative to sham in either of the two phenotypes. 
All data are given as mean ± s.e.m. Asterisks (*) indicates significant difference between stimulation 
protocols, paragraph (§) indicates significant difference between phenotype with p < 0.05. 
 
2. DBS modeling 
Figure S5: DBS modeling. Conductivity values were assigned as, scalp: 0.465 S/m; skull: 0.01 S/m; 
csf: 1.65 S/m; air: 1x10-15; gray matter: 0.276 S/m; cerebellum: 0.276 S/m; hippocampus: 0.126 S/m; 
white matter: 0.126 S/m; thalamus: 0.276 S/m, screw: 1.28 x108; and electrode: 5.99 x 107 S/m. 
(Bikson et al., 2015; Song et al., 2015) Computer aided model (CAD) geometry of the electrode and 
the screw were first imported into the head model and positioned for each montage (orbitofrontal 
cortex, medial prefrontal cortex, motor cortex, caudate putamen and thalamus) based on the 
coordinates values as used in the main manuscript. Volumetric meshes were later imported into 
COMSOL Multiphysics 4.3 (COMSOL Inc., MA, USA) to solve the model. The final finite element 
head assembly was solved for greater than 10,000,000 degrees of freedom and had greater than 
8,500,000 tetrahedral elements. For electrical stimulation, a quasistatic approximation was 
implemented and boundary conditions were applied as normal current density (inward current flow) 
at the exposed surface of the electrode and ground at the surface of the screw. Remaining external 
surfaces of the model were electrically insulated. Simulation was carried out for both 150 µA and 300 
µA current intensities. Current density slice plots for each intensities and montages were generated 
and the peak values were reported. The predicted current density plots for high- and low frequency 
DBS application and corresponding was assessed through computational modeling. Electrode and a 
screw configuration in one of the montage is shown as an exemplary configuration of electrode 
positioning at the incision area (a). Current density for each electrode configuration was doubled 
when intensity was increased by two-fold. On a cortical level, maximum current density was observed 
in the M1 following HF-DBS (300 µA = 432 A/m2). On a subcortical level, maximum current density 








Mein Lebenslauf wird aus datenschutzrechtlichen Gründen in der elektronischen Version meiner 
Arbeit nicht veröffentlicht. 
 




List of publications  
Published:  
Bernhardt N, Lieser MK, Hlusicka EB, Habelt B, Wieske F, Edemann-Callesen H, Garthe A, Winter C. 
Learning deficits in rats overexpressing the dopamine transporter. Scientific reports. 2018 Sep 
21;8(1):14173. Impact Factor: 4.1 
Ryrsø CK, Godtfredsen NS, Kofod LM, Lavesen M, Mogensen L, Tobberup R, Farver-Vestergaard 
I, Callesen HE, Tendal B, Lange P, Iepsen UW. Lower mortality after early supervised pulmonary 
rehabilitation following COPD-exacerbations: a systematic review and meta-analysis. BMC 
pulmonary medicine. 2018;18(1):154. Impact Factor: 2.7 
Edemann-Callesen H, Habelt B, Wieske F, Jackson M, Khadka N, Mattei D, Bernhardt N, Heinz 
A, Liebetanz D, Bikson M, Padberg F. Non-invasive modulation reduces repetitive behavior in a rat 
model through the sensorimotor cortico-striatal circuit. Translational psychiatry. 2018 Jan 
10;8(1):11. Impact Factor: 5.6 
Hadar R, Edemann-Callesen H, Reinel C, Wieske F, Voget M, Popova E, Sohr R, Avchalumov Y, 
Priller J, Van Riesen C, Puls I. Rats overexpressing the dopamine transporter display behavioral and 
neurobiological abnormalities with relevance to repetitive disorders. Scientific reports. 2016 Dec 
15;6:39145. Impact Factor: 4.1 
Hadar R, Dong L, del-Valle-Anton L, Guneykaya D, Voget M, Edemann-Callesen H, Schweibold 
R, Djodari-Irani A, Goetz T, Ewing S, Kettenmann H. Deep brain stimulation during early 
adolescence prevents microglial alterations in a model of maternal immune activation. Brain, 
behavior, and immunity. 2017 Jul 1;63:71-80. Impact Factor: 6.3 
Shen C, Stasch J, Velenosi L, Madipakkam AR, Edemann-Callesen H, Neuhaus AH. Face identity 
is encoded in the duration of N170 adaptation. Cortex. 2017 Jan 1;86:55-63. Impact Factor: 4.3,  
Szechtman H, Ahmari SE, Beninger RJ, Eilam D, Harvey BH, Edemann-Callesen H, Winter C. 
Obsessive-compulsive disorder: Insights from animal models. Neuroscience & Biobehavioral 
Reviews. 2017 May 1;76:254-79. Impact Factor: 9.4 
Edemann-Callesen H, Voget M, Empl L, Vogel M, Wieske F, Rummel J, Heinz A, Mathé AA, 
Hadar R, Winter C. Medial forebrain bundle deep brain stimulation has symptom-specific anti-
depressant effects in rats and as opposed to ventromedial prefrontal cortex stimulation interacts with 
the reward system. Brain stimulation. 2015 Jul 1;8(4):714-23. Impact Factor: 6.0 
 
Submitted: 
   
Hadar, R, Winter, R, Edemann-Callesen, H, Wieske, F, Habelt, B, Khadka, N, Felgel, V, Barroeta
Hlusicka, E, Reis, J, Funke, K, Fritsch, B, Bernhardt, N, Bikson, M, Nitsche, M.A, Winter, C. 
Prevention of schizophrenia deficits via non-invasive adolescent frontal cortex stimulation in rats.
 IV 
 
Ravit Hadar, Henriette Edemann-Callesen, Elizabeth Barroeta Hlusicka, Fransiska Wieske, Martin 
Vogel, Lydia Guenther, Barbara Vollmayr, Rainer Hellweg, Andreas Heinz, Alexander Garthe, 
Christine Winter. Stress-induced depressive episodes across life – an inducer of cognitive impairment 
or resilience? 
 
Contributions to conferences: 
Mediterranean Neuroscience society (MSN) 6th conference, Malta 2017. Brain stimulation 
techniques in the context of repetitive disorders (Talk) 
International DBS Symposium, Clinical Research Group KFO 247. Berlin, Germany 2016. Using 
an animal model of repetitive behavior for investigating DBS targets (Poster) 
II International Conference on Deep Brain Stimulation. Düsseldorf, Germany 2016. Identification 
of electrophysiological biomarkers in a novel animal model of Tourette Syndrome and Deep Brain 
Stimulation improves behavior and modulates neural circuits in a rodent model of schizophrenia (2x 
Poster) 
10th FENS Forum of Neuroscience. Copenhagen, Denmark 2016. Identification of 
electrophysiological biomarkers in a novel animal model of Tourette Syndrome (Poster) 
ENCODS PhD Conference. Helsingør, Denmark 2016. Identification of electrophysiological 
biomarkers in a novel animal model of Tourette Syndrome (Poster) 
ERANET Neuron II Consortium. Helsinki, Finland 2015 RD_aDBS and Identification of 
electrophysiological biomarkers in a novel animal model of Tourette Syndrome (Talk and Poster) 
DGPPN Congress. Berlin, Germany 2015 A new animal model of Tourette syndrome and 
Identification of electrophysiological biomarkers to treat repetitive disorders (2x Poster) 
2nd International of the Clinical Research Group 219. Cologne, Germany 2015. Characterisation of 
the DAT over-expressing rat line – a new animal model for studying repetitive behavior? (Poster) 
DGPPN Congress. Berlin, Germany 2014. Anti-depressant effects of medial forebrain bundle deep 
brain stimulation in rats are symptom-specific and as opposed to ventromedial prefrontal cortex 





Thank you to my supervisors Prof. Dr. Dr. Andreas Heinz and Prof. Dr. med Christine Winter for 
giving me the opportunity to conduct this PhD thesis.  
Thank you, Christine, for assigning me with much responsibility from the beginning, yet with all 
the support that was needed. I am happy that I landed under your roof and became a part of your 
team. Thank you so much.  
Thank you, Berlin-team: Dr. Ravit Hadar, Dr. Mareike Voget, Dr. Franziska Wieske, Christian 
Tatarau and Renate Winter. You made lab fun and you were always there to help when I needed it, 
no matter the problem.  
Thank you, Dresden-team: Dr. Nadine Bernhardt, Elisabeth Barroeta Hlusicka, Bettina Habelt, 
Rebecca Winter, Sabine Einert and Doris Zschaber. Despite the distance between Berlin and 
Dresden, you made me feel at home right away and made it worth all the long-distance rides. 
Especially a big thank you, to you Nadine, for all your help and encouragement. 
Last but not least, thanks to my dear family; Helle, John, Camilla and Jacob. Despite me being far 
from home, you where there on the side with nothing but support and excitement concerning this 
project.  
 
